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ABSTRACT
Social stress is implicated in the etiology and persistence of neuropsychiatric disorders in
humans and is investigated using social defeat models in animals. Multiple factors influence how
social stress impacts the brain and behavior, either reducing or enhancing susceptibility to
maladaptive responses. The overarching goal of this project was to identify factors that promote
resiliency to social defeat stress throughout the lifespan. In Aim 1, we investigated the effects of
social defeat during development and found that a brief, pubertal social defeat increases
susceptibility to adult social stress. In Aim 2, we tested whether epigenetic changes, namely
histone deacetylation (HDAC), underlie either the short- or long-term effects of this brief,
pubertal defeat; however, systemic HDAC inhibitors did not alter behavioral responses to
pubertal social defeat. Shifting focus to potential treatment options and resiliency factors in
adults, Aim 3 explored whether brain-derived neurotrophic factor (BDNF) prevents or promotes
responses to social defeat stress. In Aim 3a, we determined that increasing BDNF activity either
systemically or within the basolateral amygdala reduced responses to social defeat in both
hamsters and mice. This is consistent with significant evidence that BDNF/tropomyosin receptor
kinase B (TrkB) signaling provides anti-depressant effects but is contrary to research showing
that BDNF/TrkB signaling enhances responses to chronic social defeat stress in mice. Thus, in
Aim 3b, we investigated a possible explanation for these seemingly contradictory results, testing
whether BDNF/TrkB activates different neural circuits after acute versus repeated social defeat.
Unfortunately, these results were inconclusive. Finally, in Aim 3c, we tested the hypothesis that
circadian phase underlies the contrasting BDNF/TrkB results and found that systemic TrkB
agonism interacts with circadian phase to alter responses to acute social defeat in hamsters,
reducing responses to social defeat during the dark phase but enhancing responses during the

light phase. This interaction effect was not found in mice, wherein BDNF/TrkB signaling
reduced responses to acute social defeat regardless of circadian phase. Collectively, these data
demonstrate several factors that significantly impact resiliency to social stress including
developmental period, stressor repetition, BDNF signaling and, lastly, circadian phase, a critical
factor that is often overlooked in stress research.
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1
1.1

INTRODUCTION

Overview
Stress has been implicated in the etiology of a wide range of mental and physical

disorders including depression (Gilbert and Allan, 1998), post-traumatic stress disorder (Ehlers
et al., 1998), and a variety of anxiety disorders (Sturman, 2011). Several longstanding theories of
the etiology of mental illness posit that environmental stress interacts with an individual’s
genetic vulnerability to produce psychologically maladaptive responses (Monroe and Simons,
1991; Rende and Plomin, 1992).
Despite extensive evidence that stress is involved in numerous mental illnesses,
treatments and interventions that effectively target stress-induced disorders are shockingly
inadequate with limited efficacy for many patients (Fournier et al., 2010; Huh et al., 2011; Kane,
2012; Trivedi, 2006). Understanding the impact of stress on an organism’s functioning, including
the short-term and long-term consequences of stress adaptations, can offer critical information
about the processes preceding mental illness as well as suggesting new treatment options. Stress
encountered by organisms includes a wide range of experiences and can result in a variety of
adaptations and consequences depending on the characteristics of the stressor and its interaction
with the organism’s strengths and vulnerabilities (Gillespie et al., 2009; Oken et al., 2015). The
neural circuitry responding to a broad range of stressors tends to be stressor and environment
specific (Radley et al., 2015). Thus, it is vital that stress research consider the many different
aspects of a stressful experience including type of stress, duration and timing of stress, genetic
and developmental vulnerabilities, circadian phase, cumulative effects, and resiliency factors
such as neurotrophin activity.
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The overarching goal of this project was to explore some of these internal and external
factors that can influence responses to social stress, beginning with developmental timing. Thus,
in Aim 1, we first sought to determine what the short- and long-term effects of a brief, pubertal
social defeat stress are. Because epigenetic modifications are ideal candidates as mechanisms by
which experiences influence future behavioral responses, we investigated in Aim 2 whether
epigenetic modifications contribute to the long-term effects of a brief social defeat stressor
experienced during early puberty. Turning next to stress resiliency and novel avenues for
potential treatment of stress-related psychopathology, our focus shifted to brain-derived
neurotrophic factor, for which there are some data suggesting that it is a potential resiliency
factor. In Aim 3a, we sought to determine whether BDNF signaling in responses to acute social
defeat stress in hamsters and mice promotes or prevents stress-induced behavioral changes.
Having previously delineated a putative neural circuit involved in responses to social defeat
stress in hamsters, we expanded our work on the effects of BDNF on social defeat and included
the factor of stressor repetition by seeking to determine in Aim 3b whether circuit-level changes
in neural activation and/or TrkB receptor signaling differ depending on whether the defeat
stressor is acute versus repeated. In Aim 3c, we investigated whether circadian phase alters
responses to social defeat or interacts with BDNF to modulate responses to social defeat stress in
a circadian manner. Thus, we examined stress experienced during development, epigenetic
modifications following early stress experience, BDNF, stressor repetition, and circadian phase,
to determine how all these different elements might impact responses to social stress—a
significant factor in the etiology and persistence of stress-related disorders in humans
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1.2

Social Defeat Stress in Syrian Hamsters
Although social stress is thought to be the most common stressor humans encounter
(Björkqvist, 2001), there are few laboratory models that are able to isolate the psychological
effects of social stress resulting from social conflict from its oft-accompanying physical injury.
Our lab has developed a model of social defeat stress using Syrian hamsters that allows us to
study the psychological effects of social stress in the absence of physical injury. Syrian hamsters
readily defend their territory (i.e., their home cages) and reliably establish stable dominantsubmissive relationships during brief social interactions. The ritualized aggressive behaviors
involved in the establishment of these hierarchical relationships in hamsters are a potent stressor
for the subordinate hamster (Huhman et al., 2003, 1992, 1991, 1990), despite the fact that these
brief encounters between hamsters rarely result in physical injury (Huhman et al., 1992). Social
defeat, the experience of “losing” in even a single agonistic encounter, has long-lasting
behavioral effects that mimic symptoms of depression and posttraumatic stress disorder
(Huhman et al., 2003) making it an ideal model for investigating the specific effects of social
stress. Stress-induced disorders, and mental illness, in general, often display significant sex
differences (Boyd et al., 2015; Maeng and Milad, 2015). Our social defeat protocol, which is
effective in both male and female hamsters, offers the additional benefit of being able to directly
compare responses to social stress in males and females (McCann et al., 2017; Rosenhauer et al.,
2017). This is an important strength given that many studies investigating social stress use mouse
strains wherein females are not attacked or defeated by opponents. These mouse models
therefore are not useful for examining sex differences or improving our understanding of why in
humans many social stress-related neuropsychiatric disorders are observed more frequently in
one sex than the other.
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1.3

Neural Circuitry of Conditioned Defeat
Both male and female hamsters display aggression and will readily defend their territory
even within a laboratory setting (Albers et al., 2002; Gattermann et al., 2001). A single social
defeat by a more aggressive opponent, however, virtually eliminates this territorial aggression.
When a hamster that has been defeated is then paired in its home cage with a smaller, nonaggressive opponent the defeated hamster displays marked social avoidance with defensive and
submissive behaviors rather than aggressively defending its territory. This behavioral shift from
aggression to submission has been termed conditioned defeat (Potegal et al., 1993). Conditioned
defeat can also be produced by an escapable social defeat (McCann and Huhman, 2012), and it
persists for at least a month in males (Huhman et al., 2003), making conditioned defeat an
ethologically relevant model with which to study behavioral shifts that occur in response to a
social or psychological stressor.
Our lab has delineated a putative neural network involved in responses to conditioned
defeat; a brief outline of which is shown in Figure 1.1. For example, we have shown that the
medial, central, and basolateral nuclei of the amygdala are necessary for the acquisition and
expression of conditioned defeat behavior (Markham et al., 2010; Jasnow et al., 2001; Jasnow et
al., 2004) and that the medial prefrontal cortex (mPFC) is necessary for acquisition but not
expression of conditioned defeat (Markham et al., 2011). For the brain regions shown in the
figure, except for the dorsal hippocampus (DH), we have demonstrated that each mediates either
the acquisition only, expression only, or both the acquisition and expression of conditioned
defeat behavior (McDonald et al., 2011; Markham et al., 2010; Luckett et al., 2011). We have
also identified neurotransmitters and receptors that are critical in the formation of conditioned
defeat. For instance, we found that N-methyl-D-aspartate (NMDA) receptors in the amygdala are
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necessary for the acquisition and expression of conditioned defeat (Jasnow et al., 2005) and that
the NR2b subunit of the NMDA receptor within the BLA is necessary for the acquisition of
conditioned defeat (Day et al., 2011), illustrating that the plasticity underlying conditioned is
mediated at least in part in the BLA. We have also found that cAMP-responsive element binding
protein (CREB) is important for mediating behavioral plasticity following social defeat as
overexpression of CREB within the amygdala enhances the acquisition of conditioned defeat
(Jasnow et al., 2005). Corticotropin-releasing type II receptors within the bed nucleus of the stria
terminalis (BNST), a brain region involved in the expression of conditioned defeat (Jasnow et
al., 2004; Cooper et al., 2005; Markham et al., 2009), and 5-HT1A autoreceptors within the
dorsal raphe nucleus (DR) (Cooper et al., 2008; Cooper et al., 2009) have also been shown to
modulate the acquisition and display of conditioned defeat. This well-defined neural circuit
provides an ideal foundation with which to investigate factors altering or modulating responses
to social stress including circadian phase, stressor repetition, neurotrophin activity, and prior
stress experienced during development.

Figure 1.1 Putative neural circuit mediating conditioned defeat (created by EC Jeffress,
2014; used with permission)
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Simplified unilateral diagram illustrating some of the components of the neural circuit
mediating conditioned defeat. Gray: Necessary for acquisition and expression (BLA, CeA, MeA,
DR); Blue: Necessary for acquisition but not expression (mPFC, VH); Orange: Necessary for
expression but not acquisition (NAcc, Septum, BNST); Red: Neither acquisition nor expression
(DH).
BLA=basolateral amygdala, CeA=central amygdala, MeA=medial amygdala, DR=dorsal raphe, mPFC=medial
prefrontal cortex, VH=ventral hippocampus, NAcc=nucleus accumbens, Septum=lateral septum, BNST=bed
nucleus of the stria terminalis, DH=dorsal hippocampus
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1.4

Development and Social Stress
Because rapid developmental changes can increase vulnerability to environmental
influences, stress experienced during sensitive periods of development can have an added or
more long-term impact on an organism. Indeed, a growing body of evidence shows that stress
encountered during prenatal and early postnatal development has long-lasting neurobiological
effects (Heim and Binder, 2012) and is linked to increased likelihood of maladaptive responses
to stress experienced in adulthood (Maccari et al., 2014; Patchev et al., 2014), including adult
psychiatric illnesses such as depression and posttraumatic stress disorder (Gilbert and Allan,
1998; McCrory et al., 2012; Sturman, 2011).
Although much research on early life stress has focused on pre-and early post-natal
periods, puberty has been increasingly recognized as an additional sensitive period during which
exposure to stress may be especially impactful (Andersen and Teicher, 2008; Brown and
Spencer, 2013; Holder and Blaustein, 2014; Romeo, 2010). Social stress increases during human
adolescence (La Greca et al., 2001; Larson and Ham, 1993), and experiences of social defeat,
often in the form of bullying, are also widespread during this time period. Indeed, 20% of
adolescents report having been bullied in the previous year (Kann et al., 2014). Additionally,
adolescents experiencing social stress show strong sex differences in their responses (BrooksGunn and Petersen, 1991), corresponding with sex differences in the prevalence of stressinduced disorders that emerge during this time period (Nolen-Hoeksema and Girgus, 1994).
The enduring effects of chronic social subjugation during puberty in Syrian hamsters has
been examined (Delville et al., 1998; Wommack and Delville, 2007). This relatively severe and
prolonged exposure to social stress results in a more rapid development of adult patterns of
aggression and more aggressive behavior exhibited in adulthood by previously defeated
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hamsters. This is in marked contrast to what our lab has observed following brief social defeat,
which results in dramatic decreases in aggression. The long-term effects of a brief social defeat
stress experienced during the peripubertal period are, as of yet, unknown. Because few, if any,
individuals escape adolescence without at least one acute experience of social defeat, this project
will yield important information regarding how the effects of adolescent social stress persists
into adulthood. We will extend our lab’s model of Syrian hamster social defeat stress to validate
it as a useful paradigm for studying the mechanisms through which adolescent stress may lead to
increased likelihood of maladaptive stress responses in adulthood. Thus, Aim 1 will test
whether responses to a brief, pubertal social defeat are similar to those seen in adults and,
further, if brief, pubertal social defeat alters adult agonistic behavior or increases the
vulnerability of these animals to social stress encountered in adulthood.
1.5

Epigenetics
The relatively nascent field of epigenetics has provided new insights into the mechanisms

by which experiences in early life might impact behavior and physiology in adulthood.
Epigenetic mechanisms, such as DNA methylation and various histone modifications, regulate
gene expression without changes to the underlying DNA. Aptly called DNA’s “instructions for
interpretation” (Peckham, 2013), these “instructions” are uniquely poised to provide long-term,
relatively stable adaptations, making them a potential mechanistic candidate by which early life
stress can impact behavior and physiology throughout life (Champagne and Meaney, 2007).
Epigenetic alterations following various forms of stress have been found during multiple periods
of development (Griffiths and Hunter, 2014; Stankiewicz et al., 2013). Because epigenetic
mechanisms can be altered by pharmacological and behavioral manipulation, epigenetics may
provide novel, potential targets for the treatment, and even prevention, of stress-induced mental
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illnesses (Chen et al., 2012; Rodrigues et al., 2015). Aim 2 will thus determine whether
epigenetic modifications are possible mediators of the long-term effects of a brief pubertal
social defeat.
1.6

Brain-Derived Neurotrophic Factor and Neuropsychiatric Disorders
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family of

growth factors and has been implicated in the development of brain circuits and in learning and
memory (Kowiański et al., 2018; Yamada et al., 2002). Garnering increased interest due to its
connections to neuropsychiatric disorders, BDNF has been implicated in the etiology and
persistence of affective disorders, posttraumatic stress disorder, and even schizophrenia (Boulle
et al., 2012; Nestler, 2012). A multitude of evidence indicates that impaired BDNF signaling is
involved in the pathophysiology of mood disorders, and BDNF has been shown to be crucial for
anti-depressants to be effective in alleviating symptoms of depression (Björkholm and
Monteggia, 2016; Castrén, 2014; Castrén et al., 2007; Duman, 1997; Duman and Monteggia,
2006; Hashimoto, 2013; Nestler et al., 2002; Saarelainen et al., 2003). Many effective treatments
for depression including chronic treatment with anti-depressants, electroconvulsive shock
therapy, and exercise increase BDNA mRNA and protein expression in the hippocampus of
humans and rodents (Chen et al., 2001; Duman et al., 2008; Nibuya et al., 1995; Russo-Neustadt
et al., 1999). Additionally, the Val66Met single nucleotide polymorphism in which methionine is
substituted for valine in codon 66 of the human BDNF gene is associated with an increased risk
of stress-related depression and schizophrenia and increased anxiety in humans (Eisenberg et al.,
2013; Gratacòs et al., 2007; Hosang et al., 2014; Wei et al., 2017). Similar effects of these
phenotypes in mice have also been observed (Bath et al., 2012; Chen et al., 2006; Notaras et al.,
2017; Yu et al., 2012). Thus, BDNF signaling appears to cause an antidepressant or pro-
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resiliency effect as it is vital for effective coping with stress in humans and rodents and is
necessary for the therapeutic effect of antidepressant treatments.
1.6.1

BDNF and Social Defeat

Animal models investigating the effects of social stress have found defeat-induced
alterations in BDNF signaling and gene expression (Razzoli et al., 2011). Although research
investigating BDNF’s role in neuropsychiatric disorders has indicated an anti-depressant or “proresiliency” role of BDNF activity, a contrasting body of research using chronic social defeat
stress in mice has demonstrated that BDNF signaling increases depressive-like behavior such as
social avoidance in response to social defeat stress (Berton et al., 2006; Fanous et al., 2010;
Krishnan et al., 2007; Nikulina et al., 2012). Most of these studies suggesting that increases in
BDNF, particularly within the ventral tegmental area (VTA) and the nucleus accumbens (NAC)
pathway, promotes responses to social stress use a repeated, relatively severe social stress model
in mice (Berton et al., 2006). Our lab has found that exposure to acute social defeat also
increases BDNF mRNA in the hippocampus and basolateral and medial amygdala but not in the
central amygdala or nucleus accumbens (NAC) and that microinjection of the non-selective Trk
receptor antagonist k252a into the basolateral amygdala (BLA) reduces defeat-induced
behavioral responses (Taylor et al., 2011). These data suggest that BDNF might promote social
stress-induced behavioral changes in hamsters and mice and is inconsistent with the data
discussed above suggesting that BDNF promotes resilience to stress and has potent
antidepressant effects. Thus, Aim 3a will determine how BDNF activity through TrkB
activation impacts responses to acute social defeat stress in hamsters and mice.
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1.6.2

Neural Activation and Stressor Duration

A possible explanation for the lack of consistency in terms of BDNF’s pro- versus antidepressant effects on responses to social defeat stress could be the repetition of the stress
experience as noted above. While we have usually used an acute model of social defeat wherein
defeat occurs on a single day in both hamsters and mice (Rosenhauer et al., 2019), those that
have found a pro-depressant effect of BDNF/TrkB signaling have most often used a more
chronic social defeat stressor wherein mice are defeated over 10 days by multiple opponents and
then are housed in a cage with the opponent but separated by mesh barrier (Berton et al., 2006).
As described previously, we have demonstrated that the medial prefrontal cortex (mPFC) and the
basolateral amygdala (BLA) are critical nodes in the neural network involved in behavioral
responses to acute social defeat stress in Syrian hamsters (Jasnow et al., 2005; Jasnow and
Huhman, 2001; Markham et al., 2012, 2010). It is unknown, though, whether neural activation
and the neural network mediating this response are similar following repeated social defeats in
hamsters. Because repeated exposure to the same stressor often results in habituation, and
sometimes even sensitization, of the stress response, it is likely that neural activation in brain
areas responsive to social defeat stress would be different following an acute social defeat than
after repeated defeats or that the particular nodes within the circuit that respond most to the
stressor would be different following acute versus repeated defeat.
We have shown that increases in BDNF within the BLA reduces behavioral responses to
social defeat stress (Rosenhauer et al., 2019) and others have found that blocking BDNF-TrkB
signaling within the NAC prevented behavioral responses to repeated social defeat stress in mice
(Wook Koo et al., 2016b). A possible explanation for the different results may be that BDNF
acts in different brain regions to mediate very different behavioral responses following acute

12

versus repeated social defeat stress. Using c-Fos as a marker of neural activation, Aim 3b will
investigate whether defeat-induced neural activation or TrkB receptor signaling occurs in
different nodes of the circuit mediating behavioral responses to social defeat depending on
whether the defeat stressor is acute versus repeated.
1.6.3

Circadian Phase

An additional possible explanation for the paradoxical pro- versus anti-depressant effects
of BDNF might be circadian effects on behavior and/or drug responses. Many stress-related
neuropsychiatric disorders, including depression and PTSD, involve disruptions of circadian
timing, and behavioral modifications to better regulate activity rhythms can improve symptoms
for these disorders (Helfrich-Förster, 2017; Koch et al., 2017; Spencer et al., 2018). Likewise,
social defeat stressors in rodents can alter circadian and activity phases (Foster et al., 2006; Grafe
et al., 2020; Meerlo et al., 1997; Nguyen et al., 2007; Solomon et al., 2007). The study of the
timing of drug treatment, termed “chronopharmacology,” has indicated that circadian phase can
interact with drug treatment to drastically alter pharmacological results (Dallmann et al., 2014;
Shiromizu et al., 2019). It also appears that there is circadian variation in BDNF/TrkB proteins
(Martin-Fairey and Nunez, 2014; Yi et al., 2015). Despite this evidence, exactly how circadian
phase might interact with BDNF signaling to impact responses to social defeat stress or BDNFactive drugs has not been examined. Thus, Aim 3c will investigate whether circadian phase
interacts with BDNF activation to alter responses to acute social defeat stress in hamsters
and mice.
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1.7

Specific Aims Overview
1.7.1

Aim 1: What are the short- and long-term impacts of a brief, pubertal social
defeat stress?

Social stress can cause or exacerbate neuropsychiatric illnesses including depression, posttraumatic stress disorder, and anxiety disorders (Ehlers et al., 1998; Gilbert and Allan, 1998;
Sturman, 2011). Despite continued research, however, little progress has been made towards
understanding the mechanisms whereby social stress contributes to these disorders. Likewise,
although we know that stress experienced during development, including the pubertal period,
increases the risk of maladaptive responses to later stress, little is understood about how a social
stressor experienced during puberty impacts the brain and responses to stress experienced during
adulthood. In Aim 1, we will test whether a brief social defeat stress experienced during early
puberty results in increased social avoidance similar to that observed in defeated adults or whether
it instead causes increases in aggression, as has been demonstrated after relatively severe and
prolonged social subjugation (Delville et al., 2003; Wommack et al., 2003). We will also test
whether a brief, pubertal social defeat alters adult agonistic behavior. We hypothesize that pubertal
social defeat increases vulnerability to the effects of social defeat in adulthood.
1.7.2

Aim 2: Do epigenetic modifications contribute to the long-term effects of a brief
social defeat stressor experienced during early puberty?

Our preliminary data suggest that social stress experienced during puberty results in
increased social avoidance and that this brief, pubertal social stress also increases vulnerability to
a later social defeat experienced in adulthood. Chromatin modifications are a possible mechanism
whereby an early exposure to social stress could alter future behavior (Burns et al., 2018;
Silberman et al., 2016). Thus, this project will test the hypothesis that epigenetic modifications are
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at least one possible mediator of these long-term effects. We will systemically inhibit histone
deacetylation or methylation to test whether blocking these epigenetic modifications will prevent
the increased vulnerability to adult social defeat following a brief, pubertal social defeat.
1.7.3

Aim 3a: Does BDNF signaling increase or decrease responses to social defeat
stress in hamsters and mice?

Vast changes in the brain occur during adolescence, including development of the neural
circuitry that controls social and agonistic behavior (Wommack and Delville, 2007). Brain derived
neurotrophic factor (BDNF) signaling through the tropomyosin receptor kinase B (TrkB) mediates
at least some of this development (Barfield and Gourley, 2018) and modulates fear learning and
stress responses during pubertal development (Barfield and Gourley, 2017; Dincheva et al., 2014).
BDNF has also been implicated in a wide variety of neuropsychiatric disorders including those
that can be precipitated by social stress during adolescence (Boulle et al., 2012; Nestler, 2012).
However, the impact of TrkB receptor manipulation on responses to an acute social defeat has not
yet been explored. Thus, we will administer BDNF and TrkB agonists or antagonists to determine
if BDNF activity increases or decreases responses to an acute social defeat in Syrian hamsters.
1.7.4

Aim 3b: Does defeat-induced TrkB receptor signaling occur in different nodes
of the circuit mediating conditioned defeat depending on whether the defeat
stressor is actute versus repeated?

Our previous work has identified a putative neural circuit involved in responses to acute
social defeat stress; however, it is unknown whether and where manipulation of TrkB receptor
signaling will alter defeat-induced neural activation within nodes of this circuit. Additionally,
whereas the BLA appears to be a critical node within the neural circuit regulating responses to
acute social defeat stress (Day et al., 2011; Jasnow et al., 2005; Markham et al., 2010), the NAC
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may be more important in responses to repeated social defeat stress (Wook Koo et al., 2016a). We
will perform acute and repeated social defeats to determine if the location of defeat-induced neural
activation changes from the BLA to the NAC in response to stressor duration. Thus, we will test
whether TrkB receptor signaling alters defeat-induced neural activation and determine where in
the circuit this neural activation changes following a brief versus a repeated social defeat
experience.
1.7.5

Aim 3c: Does circadian phase alter responses to social defeat and/or interact
with BDNF to modulate responses to social defeat stress?

Finally, many studies examining behavioral responses to social stress do not take circadian
phase into account. In particular, many social defeat studies, including those investigating the
impact of manipulating BDNF signaling on responses to social defeat stress, perform defeat
training and social avoidance testing during the light phase of the daily cycle when nocturnal
rodents would normally be inactive rather than during the dark phase when nocturnal rodents are
most active. Our lab performs all behavior during the first three hours of the dark phase to minimize
circadian variation and to provide the most ethologically relevant results. We will therefore
investigate whether circadian phase interacts with BDNF signaling to alter responses to social
defeat stress in both mice and hamsters. We will test the hypothesis that responses to defeat stress
will be greater during the dark phase when the animals are normally active and that increases in
BDNF activity via TrkB agonism will alter responses to social defeat stress more during the dark
phase than during the light phase.
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2.1

Introduction
Exposure to social stress has been implicated in the etiology of a variety of

neuropsychiatric disorders including mood and anxiety disorders and posttraumatic stress
disorder (PTSD) (Dobry et al., 2013; Kessler et al., 1997; Saveanu and Nemeroff, 2012; van
Winkel et al., 2013; Wood and Bhatnagar, 2015). Social stress is the most common stressor that
humans encounter (Björkqvist, 2001; Heim and Nemeroff, 2001; Kessler et al., 2003;
Vasconcelos et al., 2015), and humans perceive social stressors to be more intense than nonsocial stressors (Björkqvist, 2001). Our lab has developed a model of social defeat using Syrian
hamsters. Both male and female Syrian hamsters are generally aggressive and will readily defend
their territory against all intruders, even in the laboratory (Albers et al., 2002; Gattermann et al.,
2001). Hamsters rapidly and reliably establish stable dominant-subordinate relationships during a
brief social interaction, and the agonistic behaviors that are produced to establish these
hierarchical relationships are a potent stressor to the loser in the encounter (Huhman et al., 2003,
1992, 1991, 1990). The ritualized nature of hamster agonistic behavior offers the distinct
advantage in that brief encounters rarely result in any physical injury or trauma. Futhermore,
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even a single social defeat in this species has prominent and long-lasting behavioral effects
including a striking elimination of aggressive behavior accompanied by a concomitant increase
in submissive behavior and social avoidance, a response that we have termed conditioned defeat
(Huhman, 2006; McCann et al., 2014; McCann and Huhman, 2012; Potegal et al., 1993).
In addition to the ease and rapidity with which conditioned defeat can be elicited in
hamsters, another distinct advantage of using a hamster social defeat protocol is that the
behavioral manipulations and testing can be done similarly in both males and females (Huhman
et al., 2003; Solomon et al., 2007). This is particularly important because stress-induced
disorders, and mental illness in general, often present with sexually dimorphic symptoms and
prevalence (Boyd et al., 2015; Maeng and Milad, 2015). Previous work from our lab has
demonstrated that there is a sex difference in the behavioral response to social defeat when
hamsters are subsequently tested with a non-aggressive intruder (NAI), with defeated females
displaying considerably less submission toward the NAI (Huhman et al., 2003). We have also
demonstrated that female responses to defeat vary depending on gonadal hormone status (Faruzzi
et al., 2005; Solomon et al., 2007). More recently rodent social defeat models have focused on
social avoidance, operationally defined as the time spent in the opposite side of the cage from a
confined conspecific, as a measure of stress-induced social anxiety (Berton et al., 2006; Haller
and Bakos, 2002; McCann and Huhman, 2012). This dependent measure is easy to quantify and
reduces the variability in behavior that a freely moving conspecific (e.g., NAI) can introduce to
an agonistic encounter. Thus, the purpose of Experiment 1 was to compare social avoidance in
male and female hamsters following an acute social defeat to determine if the previously
reported sex difference in agonistic behavior that has been observed in response to an NAI is also
evident when the opponent is confined to a small box within the testing arena. In Experiment 2,
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we tested the hypothesis that social avoidance of a caged opponent in females varies over phases
of the estrous cycle.
All of our previous social defeat work has been done in adults. It is thought, however,
that stressful experiences may be particularly impactful during earlier periods of development. A
growing body of evidence indicates that stress encountered during early development has longlasting neurobiological effects (for review see, Boersma et al., 2014; Heim et al., 2010;
Nemeroff, 2016) and is linked to an increased likelihood of maladaptive responses to stress in
adulthood (Maccari et al., 2014; Patchev et al., 2014). Puberty has also been increasingly
recognized as an additional sensitive period during which exposure to stress may be especially
impactful (Andersen and Teicher, 2008; Brown and Spencer, 2013; Holder and Blaustein, 2014;
Romeo, 2010). In hamsters, the effects of chronic social subjugation during the pubertal period
have been examined in males and females (Bastida et al., 2009; Delville et al., 1998; TaravoshLahn and Delville, 2004; Wommack et al., 2004; Wommack and Delville, 2007). In contrast to
the conditioned defeat response observed in adult hamsters, chronic social subjugation
throughout puberty in males hastens the development of adult patterns of aggression and
enhances aggressiveness in adulthood. It is not known, however, whether exposure of male or
female hamsters to an acute social defeat during puberty has any short- or long-term effects.
Thus, in Experiment 3, we examined first whether an acute social defeat in peripubertal males
and females increases social avoidance behavior as it does in adults, and next, whether this early
experience of defeat alters either adult territorial aggression or behavioral sensitivity to a later
social defeat.
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2.2

Materials and Methods
2.2.1

Animals

For Experiments 1 and 2, male and female Syrian hamsters (Mesocricetus auratus)
approximately 12 weeks of age were obtained from Charles River Laboratories (Wilmington,
MA). These animals were singly housed and weighed 120-140 g at the beginning of the
experiments. Animals in Experiment 3 were bred in-house from stock obtained from Charles
River. Litters were left undisturbed with their dam and littermates until weaning at post-natal
(PN) day 25 when juveniles were singly housed. Animals for all experiments were housed in
polycarbonate cages (23 x 43 x 20 cm) with wire lids, corncob bedding, and cotton nesting
material in a temperature-controlled colony room on a 14:10 light/dark cycle. Food and water
were available ad libitum throughout all studies. All procedures and protocols were approved by
the Georgia State University Institutional Animal Care and Use Committee and are in
accordance with the standards outlined in the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.
Resident aggressors (RAs) used for social defeat and social avoidance testing were larger,
adult hamsters that were singly housed for at least one month and that reliably responded with
aggression toward same-sex intruders placed in their home cages. Male RAs were used to defeat
all male subjects. Female RAs that were used to defeat female subjects were ovariectomized to
prevent variation in RA aggression across the estrous cycle. In Experiment 3, nonaggressive
intruders (NAIs) used as stimulus animals for adult agonistic behavior testing were smaller, adult
hamsters that were group housed. Again, animals were paired with a same-sex opponent. NAIs
of either sex do not generally display any aggressive behavior upon being placed into another
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hamster’s home cage. Experimenters monitored the estrous cycle of female NAIs and no NAIs
were used for testing on the day of Estrus.
2.2.2

Groups

Timelines for each experiment are shown in Figure 2.1. Phase of the estrous cycle was
determined via vaginal swabs for 8 consecutive days to ensure stable estrous cycles in all adult
females. Males were also handled each day during estrous monitoring. In Experiment 1, animals
(males, n = 16; females, n = 19) were divided by sex, weight-matched, and then randomly
assigned to a defeat condition (defeat or no-defeat). Thus, the four groups formed a 2 (defeat) x 2
(sex) design. In Experiment 2, animals (males, n = 16; females, n = 63) were assigned to groups
representing each day of the estrous cycle: Diestrus Day 1 (D1), Diestrus Day 2 (D2), Proestrus
(P), and Estrus (E), weight-matched, and then randomly assigned to a defeat or no-defeat
condition. Weight-matched males were tested each day that females were tested for comparison
and to control for possible random effects that might occur on different testing days. In
Experiment 3, animals (males, n = 42; females n = 39) were divided by sex and litter and then
assigned to one of three, weight-matched groups (puberty and adult defeat, adult defeat only, and
no defeat control) at weaning. Note that to ensure the reproducibility and reliability of these
results, this experiment was completed twice with the additional home-cage/no-defeat control
group included in the second iteration, as reflected in group n’s above (individual group n’s are
shown in figures). Estrous cycles of adult females were monitored via vaginal swabs for 8 days
before aggression testing occurred on approximately PN64 (±3 days to account for cycle because
testing occurred on D2). Again, the same number of males was tested each day along with the
females.
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Figure 2.1 Schematic of experimental designs.
Experiments 1 and 2 (A) and Experiment 3 (B) (* ± 1 day; ** ± 3 days to account for estrous
cycle).

2.2.3

Social Defeat Training

All behavioral manipulations took place within the first 2 h of the dark phase of the
light:dark cycle to minimize potential circadian variation in the data. Animals were transported
to the behavior suite and were given at least 30 min to habituate to the environment. Defeat
training occurred during a 15 min exposure to the home cage of a same-sex RA, as described
previously (Huhman et al., 2003). The holding box used for social avoidance testing, described
below, was placed in the cage during training for habituation to the apparatus, and a clear cage
top was placed on top of cages during training and testing to prevent escape. RAs attacked
intruders, including those in early puberty, within approximately 30 s of the subject’s placement
in the aggressor’s cage. In Experiment 1, females were defeated on D2 and were tested on P
based on our previous finding that this timing results in the most pronounced conditioned defeat
in females (Solomon et al., 2007). In Experiment 2, we also observed, however, that no defeat
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controls tested on P showed increased social avoidance and that avoidance behavior in females
most closely resembled that produced by males when females were tested on D2 (see Results);
therefore, all females were defeated on D1 and tested on D2 in Experiment 3. All defeat training
and subsequent testing was done under dim red illumination and was recorded with a CCD
camera for later behavioral scoring as described below. No-defeat controls were also transported
to the behavior suite and were exposed to an empty cage with bedding from a same-sex RA’s
cage for 15 min. Home cage controls in Experiment 3 remained undisturbed in the colony room
during pubertal manipulations and served as no-defeat controls, described above, in adulthood.
2.2.4

Social Avoidance Testing

In all experiments, social avoidance testing (duration 5 min) took place 24 h after defeat
training, as described previously (McCann and Huhman, 2012). Briefly, defeated and nondefeated hamsters were returned to the behavior suite as on the previous day and were placed in
a novel cage with an unfamiliar caged RA confined on one side of the arena. The small boxes in
which the RAs were confined allowed the subject to see, hear, and smell the RA but prevented
direct contact. Testing sessions were recorded in the same manner as the defeat training sessions
and were later analyzed by observers blinded to condition to determine the time spent “near” (in
the half of the cage that contained the caged RA) and “far” (in the opposite half of the cage from
the caged opponent, which we operationally defined as social avoidance), as described
previously (McCann et al., 2014; McCann and Huhman, 2012). Additional behaviors were also
quantified including frequencies of flank marks (hamster rubs its flank glands along the wall of
the cage as a means of social communication (Song et al., 2014)), and several overt submissive
behaviors including flees (hamster rapidly moves away from opponent often with tail lifted) and
risk assessments (hamster stretches forward cautiously in a characteristic flat-back posture to
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investigate a potential threat (Blanchard et al., 2003; McCann and Huhman, 2012)). Animals
were also monitored during testing to ensure that no differences were observed in any other
behavior that could potentially impact the dependent measure such as grooming or other
stereotypies, sleeping, or cage climbing.
2.2.5

Agonistic Behavior Testing

In Experiment 3, agonistic behavior of adult hamsters was measured prior to any adult
behavioral manipulations to determine if the pubertal defeat had any long-term effect on
agonistic behavior. A same-sex NAI was placed in the subject’s home cage for 5 min and
behavior was recorded for analysis. Behavior was scored using Observer XT software (Noldus
Information Technology, version 11.5) by observers blinded to experimental condition.
Behaviors were scored as submissive, aggressive, social or non-social as described in detail in
Albers et al. (2002) and the total duration of each category of behavior was determined and
compared across groups.
2.2.6

Statistical Analyses

All statistical analyses were completed using SPSS for Mac OS X (PASW Statistics
23.0). Comparisons between two groups were made via a priori Student’s t-tests, and those
among three or more groups used ANOVA with Tukey’s HSD post hoc analysis. Cohen’s d and
eta squared were calculated as measures of effect sizes for pairwise comparisons and ANOVAs,
respectively. When Levene’s test of equality of variances was significant, statistical results were
appropriately corrected and are indicated by + in the Results.
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2.3

Results
2.3.1

Experiment 1: Defeat-induced social avoidance is similar in males and females

Males and females were defeated and then tested 24 h later for social avoidance with an
unfamiliar, caged opponent. More females were used because of an a priori hypothesis that
females might be more aggressive and thus not as easily defeated. In fact, two females were
excluded from analysis for defeating their resident aggressors (RAs). There was a main effect of
defeat on avoidance with defeated hamsters exhibiting significantly more avoidance than did nodefeat controls (F(1,31) = 16.46, p < 0.001, η2 = 0.34; Figure 2.2A). There was also a main effect
of defeat on risk assessments (F(1,31) = 13.31, p = 0.001, η2 = 0.29; Figure 2.2B) and flees
(F(1,31) = 5.58, p = 0.025, η2 = 0.18; Figure 2.2C) with defeated hamsters displaying more of
both behaviors than did no-defeat controls. Although there was no main effect of sex on
avoidance, there was a main effect of sex on flank marking and flees with females flank marking
significantly more than did males (F(1,31) = 15.86, p = 0.001, η2 = 0.33; Figure 2.2D) and
males exhibiting significantly more flees (F(1,31) = 9.55, p = 0.004, η2 = 0.15) during testing
regardless of defeat condition.
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Figure 2.2 Defeat-induced behavior in male and female hamsters (Experiment 1).
There was a main effect of defeat, with an acute social defeat significantly increasing (A) social
avoidance, (B) risk assessments, and (C) flees (**p < 0.05 compared with no-defeat controls).
There was also a significant main effect of sex on (D) flank marking, with post hoc analysis
revealing that females flank marked more than their male counterparts, regardless of defeat status
(*p < 0.05 compared with males). The number of animals in each group is shown in the bars of
panel A.

2.3.2

Experiment 2: Social avoidance does not vary across the estrous cycle

In Experiment 2, groups of females were defeated on each day of the estrous cycle and
were tested on the next day along with a group of defeated males to determine whether avoidant
responses to defeat vary across the estrous cycle. Results are shown in Figure 2.3. A priori
student’s t-tests showed a significant effect of defeat for males (t(8.1) = −3.10, p = 0.015+, d =
1.55) and females defeated on D1 and tested on D2 (t(7.71) = −4.88, p = 0.001+, d = 2.44),
defeated on D2 and tested on P (t(14) = −2.57, p = 0.022, d = 1.29), and those defeated on E and
tested on D1 (t(10.10) = −2.59, p =0.027+, d = 1.17). Despite showing a large effect of cycle day,
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female hamsters defeated on P and tested on E (t(8.88) = −1.67, p = 0.129+, d = 0.88) did not
show a significant defeat-induced difference in social avoidance, largely because the females
tested on E spent the majority of the avoidance test exhibiting lordosis. There were no significant
differences in avoidance among defeated animals (F(4,35) = 0.96, p = 0.44, η2 = 0.01). There
was, however, a significant effect of cycle day in no-defeat controls (F(4,34) = 3.21, p = 0.025,
η2 = 0.27), and post hoc tests revealed that no-defeat females tested on P exhibited significantly
more avoidance than did those tested on D2 (p = 0.019, d = 1.18).

Figure 2.3 Social avoidance across the estrous cycle (Experiment 2).
Defeated males exhibited significantly more avoidance than did their no-defeat counterparts as
did defeated females on each day of the estrous cycle except when tested on Estrus (*p < 0.05).
Female no-defeat controls tested on Proestrus exhibited more avoidance than did no-defeat
controls tested on Diestrus 2 (**p < 0.05). There was no sex difference in avoidance responses to
social defeat. Group n’s are shown in bars and vary somewhat due to cycle variability of females.
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2.3.1 Experiment 3: Social defeat in puberty results in social avoidance and exacerbates the
response to defeat in adulthood
Experiment 3 first explored whether a single social defeat resulted in increased social
avoidance in peripubertal hamsters and then whether this experience altered either territorial
aggression or vulnerability to a subsequent social defeat in adulthood. Results from both
iterations of this experiment produced significant results and were statistically similar, thus, all
data is collapsed for ease of presentation. During early puberty (PN36 or PN37), there was an
overall effect of defeat on social avoidance with defeated hamsters avoiding a novel, caged
opponent more than did no-defeat controls (F(1,60) = 40.49, p = 0.001, η2 = 0.38; Figure 2.4).
Although not reaching significance, there were moderate effects of sex on
avoidance (F(1,60)=3.71, p = 0.059, η2 = 0.035) and risk assessments (F(1,60) = 3.35, p = 0.072,
η2 = 0.05) with males showing more response to defeat. No significant flank marking was
observed during peripubertal testing in either males or females (mean < 1).
We next tested these animals in adulthood (PN65-PN68) for agonistic behavior exhibited
toward a non-aggressive intruder (NAI) to determine if the single peripubertal defeat, alone, led
to a difference in territorial aggression in adulthood (Figure 2.5). One subject was excluded from
this analysis because its interaction with the NAI was not recorded due to a technical
malfunction. There were no differences between home-cage controls that were single housed
since weaning and no-defeat controls, that were exposed to a novel cage with soiled RA bedding
during pubertal training; thus, these groups were collapsed for agonistic behavior analysis. We
found no significant differences in aggression, submission, social or non-social behavior when
comparing hamsters that were defeated in puberty with non-defeated hamsters (aggression:
F(1,76) = 0.10, p = 0.752, η2 = 0.001; submission: F(1,76) = 1.14, p = 0.29, η2 = 0.01; social:
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F(1,76) = 0.01, p = 0.915, η2 = 0.001; non-social: F(1,76) = 0.13, p = 0.72, η2 = 0.001). There
was, however, a significant main effect of sex on aggression, social, and non-social behavior.
Females displayed more aggressive behavior than did males (F(1,76)=14.54, p = 0.001, η2 =
0.16), while males displayed more social (F(1,76) = 8.95, p = 0.004, η2 = 0.10) and non-social
behavior (F(1,76) = 10.05, p = 0.002, η2 = 0.12).
Animals that were defeated during puberty, as well as no-defeat controls, were then
defeated in adulthood. Home-cage controls that received no manipulation during puberty were
exposed to novel RA bedding to serve as no-defeat controls in adulthood. There was a significant
main effect of defeat (F(2,75) = 7.71, p = 0.001, η2 = 0.17) in adulthood (Figure 2.6A). Post hoc
tests revealed that hamsters that were defeated in puberty exhibited more social avoidance
following the adult social defeat than did hamsters that were defeated only in adulthood (p =
0.006, d = 0.78) and no-defeat controls (p = 0.002, d = 0.31). There were no sex differences in
social avoidance in adulthood (F(1,75) = 1.41, p = 0.239, η2 = 0.02), but other behaviors
measured did show a significant main effect of sex. Males displayed significantly more risk
assessments (p = 0.003, η2 = 0.10; Figure 2.6B) and significantly more flees (p = 0.001, η2 =
0.13; Figure 2.6C) than did females; and, in contrast, females flank marked significantly more
than did males (p = 0.001, η2 = 0.19; Figure 2.6D).
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Figure 2.4 Social stress-induced avoidance in peripubertal male and female hamsters.
One day after a single, 15 min defeat in early puberty, defeated hamsters exhibited significantly
more (A) social avoidance (**p < 0.001 compared with no-defeat controls). There was not a
significant effect of defeat on (B) risk assessments, but there were moderate effect sizes of sex
on both avoidance (h2 = 0.035) and risk assessments (h2 = 0.05). Home-cage controls were left
undisturbed during pubertal testing.

Figure 2.5 Aggression testing with a non-aggressive intruder (Experiment 3).
On approximately PN65, defeated hamsters (males n=17, females n=14) and non-defeated
hamsters (males n=25, females n=24; collapsed across home-cage and no-defeat groups) were
exposed to a non-aggressive same-sex conspecific and behavior of the subject was scored to
determine if the peripubertal defeat altered adult territorial aggression. There was no effect of
peripubertal defeat on any measured behavior (p > 0.05 between defeat and no-defeat same-sex
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animals). There was a significant effect of sex on specific behaviors, regardless of defeat status,
with females exhibiting more aggression and males exhibiting more social and non-social
behaviors (**p < 0.05). There was no measurable submission (mean of less than 2 seconds
across all groups) and therefore is not shown.

Figure 2.6 Social defeat-induced behavior in adult hamsters with or without prior defeat
experience.
Social avoidance was tested in subjects that were defeated in both puberty and adulthood
(puberty + adult defeat) and subjects that were defeated only in adulthood (adult only defeat) and
compared with subjects that were never defeated (no-defeat controls). Animals that were
defeated in both puberty and adulthood exhibited significantly more (A) avoidance than did
animals in the adult only defeat group and those that were not defeated (**p < 0.01). There was
also a significant main effect of sex on (B) risk assessments, (C) flees, and (D) flank marking.
Post hoc analysis revealed that defeated males exhibited significantly more risk assessments, that
males defeated in both puberty and adulthood exhibited more flees, and females in the adult only
defeat group flank marked more (*p < 0.05 compared between sexes within each group). Group
n’s are shown in bars of panel A.
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2.4

Discussion
Herein, we have established a simple and rapid procedure in hamsters for eliciting

comparable social avoidance in males and in females across the estrous cycle. Most strikingly,
we have also shown that this stressor experienced only once during puberty has lasting
consequences on responses to social defeat into adulthood. To our knowledge, this is the first
study to demonstrate that acute social defeat during puberty increases susceptibility to
experiences of social defeat in adulthood.
In Experiment 1, we not only demonstrated that social defeat induced significant
increases in social avoidance in both male and female hamsters, but also that defeated hamsters
produced more overt submissive behaviors (e.g., flees and risk assessments) during testing than
did no-defeat controls, indicating that these behavioral endpoints are also sensitive to a mild
social stressor and can be measured in hamsters even when tested with a confined opponent. It is
important to note, however, that we did observe a sex difference in some behaviors. Females
flank marked more, consistent with previous studies indicating that female hamsters display
more dominant behaviors, such as flank marking, than do males (Albers and Prishkolnik, 1992;
McCann et al., 2017). Also consistent with previous data from our lab showing that males often
exhibit higher levels of submission during conditioned defeat testing, ((Brian and Brain, 1972;
Huhman et al., 2003; McCann et al., 2017)), we found that males exhibited more flees in
response to the caged opponent. These data also suggest that more than one behavioral measure
should be included in experiments examining male and female responses to social stress to fully
capture nuanced sex differences.
We have previously reported a significant effect of estrous cycle on submissive behavior,
wherein defeated females tested with a nonaggressive intruder (NAI) (Solomon et al., 2007)
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show the greatest increase in defeat-induced submission when tested on P. However, in
Experiment 2, we found no effect of estrous cycle on defeat-induced behavior when animals
were tested with a caged opponent, with the exception that females that were tested on E did not
exhibit defeat-induced avoidance. This difference was unrelated to defeat status, however, and
was instead an epiphenomenon of the fact that both defeated and non-defeated females tested on
E spent a significant portion of the testing period in lordosis. Although there was no significant
variation in behavior of defeated females across D1, D2, and P, no-defeat controls tested on P
exhibited a higher baseline avoidance suggesting that behavioral manipulations across D1 and
D2 offer the most stable and straightforward measurement of conditioned defeat among females
with the added advantage of similar expression of avoidance across the sexes.
The absence of a sex difference in social avoidance in the current study contrasts with our
earlier studies that measured defeat-induced agonistic behavior emitted toward a freely moving
opponent (e.g., NAI) (Huhman et al., 2003). These divergent findings underscore the importance
of selecting a dependent measure that is best suited for the research question when considering
sex as a biological variable because different dependent measures can lead to different
conclusions about potential sex differences. While both measures allow for the exploration of
possible sex-related differences in the mechanisms leading to, resulting from, and perpetuating
behavioral responses to social stress, testing with an NAI may be better suited when effects on
aggression need to be assessed, as this behavioral measure is not possible when using a confined
opponent. Conversely, the lack of baseline sex differences in social avoidance of a caged
opponent appears to be particularly valuable when looking to identify possible sex differences in
response to specific treatments or other manipulations. As the mechanisms underlying sex
differences in social stress-induced neuropsychiatric disorders (e.g., depression, PTSD) are not
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fully understood, using this social avoidance model could provide a unique opportunity to
identify sex differences that could exist in response to potential psychopharmacologic treatments.
In humans, perceptions of social stress increase during puberty (Hollenstein et al., 2012;
La Greca et al., 2001; Larson and Ham, 1993) and many social stress-related disorders exhibit
sex differences in onset and symptoms at this time (Ge et al., 2001; Nolen-Hoeksema and
Girgus, 1994). Relatively little is known, however, about the mechanisms whereby these
differences emerge, and there is a paucity of basic models within which these sex differences can
be explored. In addition, to our knowledge, no previous studies have examined the long-term
effects of mild social stress in peripubertal rodents; therefore, we tested both territorial and
defeat-induced behavioral responses in adult hamsters that experienced a single social defeat
during puberty. Delville and colleagues have previously subjected hamsters to repeated and
prolonged social defeat stress throughout puberty (i.e., PN 28-42) and have found that this
chronic social subjugation hastens the shift from juvenile play-fighting behavior to adult-typical
forms of aggression and enhances adult aggression (Wommack et al., 2003). We found that an
acute social defeat in puberty stimulates social avoidance in adolescent males and females but
does not alter adult agonistic behavior, as evidenced by the fact that animals in both defeat and
no-defeat groups rapidly attacked and defeated an NAI. These data together underscore the
usefulness of Syrian hamsters for investigating responses to social defeat because, similar to
humans, both sexes produce and respond to agonistic encounters and different severities of social
stressors result in markedly different behavioral adaptations.
Perhaps the most exciting outcome of this study, however, is that despite a lack of any
overt behavioral differences during NAI testing in adulthood, both male and female hamsters that
experienced a single social defeat in early puberty exhibited an enhanced response to a
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subsequent acute social defeat in adulthood. Although previous studies have shown increased
vulnerability to adult stress following stress experienced during or just prior to puberty (Horovitz
et al., 2014; Tsoory et al., 2007; Yee et al., 2012), none of these studies examined the long-term
effects of social stress but instead examined the effects of stressors such as forced swim and
restraint stress. Those studies that did consider the effects of social stress experienced during this
time period (Green et al., 2013; Kovalenko et al., 2014; Vidal et al., 2007) utilized chronic or
repeated social stress procedures. In addition, a majority of these studies included only male
subjects despite overwhelming evidence of sex differences in stress-induced disorders. Thus, our
study is the first to show that an acute experience of social defeat during puberty impacts
behavioral responses to social defeat in adulthood in both males and females.
We should note that it was at first surprising that there was no effect of social defeat in
hamsters that were defeated only as adults. This perhaps can be explained by the experimental
design of this study. Four days prior to the adult social defeat, all hamsters experienced agonistic
behavior testing in which a non-aggressive hamster was placed in the subject’s home cage for 5
min allowing the subject to display aggressive behavior. Because “winning” an agonistic
encounter has been shown to reduce behavioral response to subsequent social defeat (Morrison et
al., 2014, 2011), this experience may have promoted resistance or resilience to defeat in the
animals that were not defeated in puberty. Hamsters that experienced the peripubertal social
defeat did not exhibit resistance to the adult defeat, suggesting that the experience of “winning”
as an adult failed to provide the same protective effect.
In summary, these data are the first to show that a single, peripubertal defeat in males and
females increases susceptibility to an additional social defeat experienced in adulthood. A better
understanding of how a mild social stressor influences the stress response system and
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predisposes an organism to altered responses to later social stress may offer crucial insights into
novel interventions aimed at reducing the risk of neuropsychiatric disorders following exposure
to social stress during puberty in humans.
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3

EPIGENETIC MODIFICATIONS AS POSSIBLE MEDIATORS OF THE SHORTAND LONG-TERM EFFECTS OF PUBERTAL SOCIAL STRESS

3.1

Introduction
Stress occurring in early life is known to have short- and long-term impacts on adaptive

functioning and to increase susceptibility to a variety of neuropsychiatric disorders including
mood and anxiety disorders, as well as post-traumatic stress disorder (see Boersma et al, 2014;
Heim et al, 2010; Maccari et al, 2014; Nemeroff, 2016; Patchev et al, 2014). In humans, social
stress is a particularly ubiquitous experience that is generally perceived as highly intense and
aversive (Björkqvist, 2001; Heim and Nemeroff, 2001; Kessler et al., 2003; Vasconcelos et al.,
2015). Social stress can alter behavior and physiology, and when experienced during
neuroplastic-intensive stages of development, can pre-dispose individuals to suboptimal
responses to stress that is experienced later in life, sometimes referred to as the “two-hit” model.
Consistent with this idea, we have demonstrated that a brief social stressor experienced during
puberty results in increased social avoidance and that this brief, pubertal social stress strikingly
increases vulnerability to a later social defeat experienced in adulthood (Rosenhauer et al., 2017).
Although the connection between stress experienced during early life and increased
susceptibility to neuropsychiatric disorders and maladaptive behavior in adulthood has thus been
demonstrated, the mechanisms by which these experiences alter the brain are less understood and
require further elucidation.
The relatively nascent field of epigenetics has provided new insights into the mechanisms
by which experiences in early life might impact physiology and behavior in adulthood and offers
a possible pathway through which the experience of social stress during early puberty could alter
responses to social stress experienced in adulthood. Epigenetic mechanisms, such as DNA
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methylation and various histone modifications, regulate gene expression without changes to the
underlying DNA. Aptly called DNA’s “instructions for interpretation” (Peckham, 2013), these
mechanisms are uniquely poised to provide long-term, relatively stable adaptations, making them
plausible mechanisms by which early life stress might impact behavior and physiology later in
life (Champagne and Meaney, 2007). Indeed, early life experiences have been shown to
influence gene expression through epigenetic changes (Burns et al., 2018; Zannas and West,
2014), and chromatin modifications are a possible mechanism whereby this early exposure to
social stress could alter future behavior (Burns et al., 2018; Silberman et al., 2016). Epigenetic
alterations following various forms of stress have been found during multiple periods of
development, including the peri-pubertal period (Griffiths & Hunter, 2014; Stankiewiczet al.,
2013; Patchev et al., 2014). In addition, because epigenetic mechanisms can be altered by
pharmacological and behavioral manipulation, epigenetics may provide novel, potential targets
for the treatment, and even prevention, of stress-induced mental illnesses preceded by early life
stress (Chen et al., 2012; Rodrigues et al., 2015).
Histone deacetylase (HDAC) inhibition has anti-depressant effects following social
defeat stress (Covington et al., 2015; Sun et al., 2016), with decreases in anxiety- and depressivelike responses to stressful experiences following HDAC inhibition. We have previously
demonstrated that targeting epigenetic mechanisms using HDAC inhibitors can alter behavioral
responses to adult social defeat (McCann et al., 2017); however, it is unknown whether drugs
with similar epigenetic targets influence immediate or long-term responses to social defeat
experienced during puberty. Thus, this project examined the behavioral responses to a single
pubertal social defeat combined with an HDAC inhibitor or control manipulation to test the
hypothesis that epigenetic modifications are a mediator of the immediate and delayed

48

responses to social defeat following a brief social defeat stressor in early puberty.
Specifically, we predicted that (a) systemic administration of HDAC inhibitors would alter the
immediate response to pubertal social defeat and that (b) HDAC inhibition during a brief
pubertal social stressor would prevent increased vulnerability to social defeat during adulthood.
3.2

Methods
3.2.1

Animals

Male and female Syrian hamsters (Mesocricetus auratus) were bred in-house from
hamsters obtained from Charles River Laboratories (Wilmington, MA). Litters were left
undisturbed with the dam until weaning at Post-Natal (PN) Day 25 when juveniles were singly
housed. Our lab has previously demonstrated that single housing is not stressful for hamsters
(Ross et al., 2017). Animals were housed in poly-carbonate cages (23 x 43 x 20 cm) with wire
lids, corncob bedding, and cotton nesting material in a temperature-controlled colony room on a
14:10 light/dark cycle. Food and water were available ad libitum throughout the study. All
procedures and protocols were approved by the Georgia State University Institutional Animal
Care and Use Committee and are in accordance with the standards outlined in the National
Institutes of Health Guide for Care and Use of Laboratory Animals. Resident aggressors (RAs)
used for social defeat and social avoidance testing were larger, older, adult hamsters that were
singly housed for at least one month and that reliably responded with aggression toward samesex intruders placed in their home cages. Male RAs were used to defeat all male subjects.
Female RAs that were used to defeat female subjects were ovariectomized to prevent variation in
RA aggression across the estrous cycle.
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3.2.2

Groups

The timeline for Experiments 1 and 2 is shown in Fig. 3.1. For Experiment 1, animals
(males, n=19; females, n = 13) were divided by sex and litter. Males were assigned to one of 4,
weight-matched groups defined by defeat condition (adult-only defeat or puberty and adult
defeat) and drug treatment (vehicle or valproic acid (VPA), see Section 1.2.6). Females were
divided into one of 2 weight-matched groups (puberty and adult defeat with vehicle or VPA). To
conserve animals, only the puberty and adult defeat group was included for females, thus there
was no female “adult-only” defeat group. For ease of analysis, we included sex and defeat status
to form a group category; thus, subjects formed 6 groups total creating a 3 (sex and defeat
category) x 2 (drug treatment) design. For Experiment 2, animals (males, n=20; females, n = 24)
were divided by sex and litter, and then assigned to one of 6 weight-matched groups defined by
drug treatment (vehicle or VPA) and defeat condition (adult-only defeat or puberty and adult
defeat). With the inclusion of sex, subjects formed 12 groups total creating a 2 (sex) x 2 (drug) x
2 (defeat) design.
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Figure 3.1 Experimental Timeline.
Timeline for Experiments 1 and 2; * +/- 3 days, due to estrous cycle variability among
females.
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3.2.3

Handling

All subjects were handled for 8 days (P27-P34) prior to pubertal social defeat training
(P35) and pubertal social avoidance testing (P36). Adults were handled for 8 days prior to adult
manipulations with female estrous cycles determined daily via vaginal swabs to ensure stable
estrous cycles. Adult defeat training (P65±3d) occurred on Diestrus Day 1 (D1) and avoidance
testing (P67±3d) took place on Diestrus Day 2 (D2) because we have shown that males and
females respond most similarly to defeat on these days (Rosenhauer et al., 2017).
3.2.4

Social Defeat Training

All behavioral manipulations took place within the first 3 h of the dark phase of the
light:dark cycle to minimize potential circadian variation in the data and because this is the time
when the animals are normally active and display the majority of their daily social behavior
(Landau, 1975; Lerwill and Makings, 1971). Animals were transported to the behavior suite and
given at least 30 m to habituate to the environment. Defeat training occurred during a 15 m
exposure to the home cage of a same-sex RA, as described previously (Huhman et al., 2003).
The holding box used for social avoidance testing, described below, was placed in the cage
during training for habituation to the apparatus, and a clear cage top was placed on top of the
cage during training and testing to prevent escape. RAs quickly attacked intruders, including
those in early puberty, within approximately 1 m of the subject’s placement in the aggressor’s
cage. All defeat training and subsequent testing was done under dim red illumination and was
recorded with a CCD camera for later behavioral scoring as described below to ensure that the
defeat experience was similar among groups. Pubertal males in the adult-only defeat condition
were also transported to the behavior suite and were exposed to an empty cage with bedding
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from a same-sex RA’s cage for 15 m to control for handling and novel cage exposure without the
actual defeat experience.
3.2.5

Social Avoidance Testing

Social avoidance testing took place 24 h after defeat training, as described previously
(McCann and Huhman, 2012). Briefly, defeated and non-defeated hamsters were returned to the
behavior suite as on the previous day and were placed in a novel cage with an unfamiliar, caged
aggressor confined on one side of the arena. The small boxes in which the aggressor was
confined allowed the subject to see, hear, and smell the aggressor but prevented direct contact.
Testing sessions were recorded in the same manner as the defeat training sessions and were later
analyzed by observers blinded to condition to determine the time spent “near” (in the half of the
cage that contained the caged RA) and “far” (in the opposite half of the cage from the caged
opponent, which we operationally defined as social avoidance), as described previously
(McCann et al., 2014; McCann and Huhman, 2012). Additional behaviors were also quantified
including frequencies of flank marks (Song et al., 2014) and several overt submissive behaviors
including flees and risk assessments (Blanchard et al., 2003; McCann and Huhman, 2012;
Rosenhauer et al., 2017). Because most pubertal animals did not flank mark, only flees and risk
assessments were analyzed during pubertal testing. Animals were also monitored during testing
to ensure that no differences were observed in any other behavior that could potentially impact
the dependent measure such as grooming or other stereotypies, sleeping, or cage exploration.
3.2.6

Pharmacological Agents and Injections

Valproic Acid (VPA; Sigma-Aldrich, St. Louis, MO) was dissolved in physiological
saline for intraperitoneal (IP) injections. The 200 mg/kg dose was determined from previous
research in our lab (McCann et al., 2017). IP injections were administered 2 h before defeat
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training because peak brain histone acetylation occurs 2 h after peripheral administration (Arent
et al., 2011; Bredy and Barad, 2008; Ploense et al., 2013; Tremolizzo et al., 2002). VPA is an
HDAC inhibitor (HDACi) that decreases histone deacetylase activity; however, VPA has
additional actions outside of HDAC inhibition, including alterations in voltage-gated channels
and GABAergic signaling. Because of these additional actions of VPA, we also included an
experiment with an alternative HDACi, sodium butyrate, in our testing. Sodium butyrate (NAB;
Alfa Aesar, Ward Hill, MA), which has fewer off target actions than does VPA, was dissolved in
physiological saline and administered IP 1 h prior to pubertal defeats. The 120 mg/kg dose was
determined via pilot experiments in peripubertal males and females as the highest effective dose
that did not induce ataxia or behavioral abnormalities lasting longer than 20 m to allow for
effective behavioral manipulation 2 h after injections.
3.2.7

Statistical Analysis

All statistical analyses were completed using SPSS for Mac OS X (PASW Statistics
24.0). Comparisons between two groups were made via a priori Student's t-tests, and those
among three or more groups via ANOVA with Tukey's HSD post hoc analyses when
appropriate. Cohen's d and η2 were calculated as measures of effect sizes for pairwise
comparisons and ANOVAs, respectively. When assumptions for the use of parametric analyses
were violated, non-parametric tests (i.e., Kruskal-Wallis) were conducted.
3.3

Results
3.3.1

Experiment 1a: Valproic acid (VPA) administration does not alter short
responses to pubertal social defeat stress

When comparing all groups during puberty (male no defeat, male defeat, and female
defeat with VPA or vehicle) we found no significant interaction effect of drug treatment and
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defeat status (F(2,56) = 1.220, p = 0.3031 η2 = 0.042), nor was there any main effect of drug
treatment on adolescent avoidance (F(1,56) = 0.2001, p = 0.6563, η2 = 0.004). There was a
significant main effect of defeat (F(2,56) = 3.932, p = 0.0252, η2 = 0.123) (Figure 3.2A). Tukey’s
multiple comparisons revealed that there was a significant difference between males who
experienced the pubertal defeat compared to males who did not experience defeat only in
animals receiving vehicle. Males given vehicle that were defeated in puberty showed
significantly more avoidance than did those who were not defeated in puberty (p = 0.0151;
vehicle no defeat = 81.628 ± 24.2159; vehicle defeat = 216.240 ± 17.758 (mean ± SEM)). Males
who received VPA administration did not significantly differ based on defeat condition (p =
0.6951; VPA no defeat = 136.067 ± 49.827; VPA defeat = 174.136 ± 23.046 (mean ± SEM))
There were no significant differences in additional behaviors scored (Figure 3.2B, C).
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Figure 3.2 Pubertal Social Avoidance Testing Following Social Defeat with VPA
Administration.
Pubertal males administered vehicle avoided a caged aggressor more following a single
social defeat than did those who were not defeated (*p = 0.0151). Pubertal males who received
systemic VPA administration showed no significant differences in social avoidance based on
defeat condition (A). There were no significant differences in risk assessments or flees during
pubertal social avoidance testing (B, C).
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3.3.2

Experiment 1b: Valproic acid (VPA) administration does not alter long-term
responses to a single pubertal social defeat stress.

When comparing adult avoidance in all groups (male adult only defeat, male adolescent
and adult defeat, and female adolescent and adult defeat), we found no significant interaction
effect of drug treatment and defeat status (F(2,52) = 2.549, p = 0.0879; partial eta squared =
0.089; Figure 3.3A). There was also no significant main effect of drug treatment (F(1,52) =
1.382, p = 0.2451, partial eta squared = 0.026), or group condition (F(2,52) = 0.6155, p = 0.5443,
partial eta squared = 0.023).
Among adult males, Kruskal-Wallis revealed no significant differences based on drug
treatment and defeat status in adult risk assessments (H = 6.433, df = 3, p = 0.092; Figure 3.3B), flees
(H = 2.377, df = 3, p = 0.498; Figure 3.3C), or flank marks (H = 3.987, df = 3, p = 0.263; Figure
3.3D). Likewise, among adult females, Mann-Whitney tests revealed no significant differences based
on drug treatment in adult risk assessments (U = 72, p = 0.478), flees (U = 66, p = 0.748), or flank
marks (U = 80, p = 0.217).
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Figure 3.3 Adult Social Avoidance Testing Following Pubertal Social Defeat with VPA
Administration.
There were no significant differences in social avoidance (A), risk assessments (B), flees
(C), or flank marking (D) during social avoidance testing following an acute adult social defeat
experience based on whether the hamsters had experienced the pubertal social defeat or no defeat
protocol nor were there any significant differences in any measures based on administration of
VPA prior to the pubertal defeat.
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3.3.3

Experiment 2a: Sodium butyrate (NAB) administration does not alter shortterm responses to pubertal social defeat stress.

A 3-way ANOVA identified a significant main effect of defeat status (F(1,45) = 33.218,
p < 0.001, η2 = 0.425) and a significant main effect of sex (F(1,45) = 8.223, p = 0.0063, η2 =
0.154). There was no significant main effect of drug treatment (F(1,45) = 0.110, p = 0.741, η2 =
0.002) and there were no significant interaction effects between any of the factors (Defeat x Sex:
F(1,45) = 3.15, p = 0.0826, η2 = 0.065; Defeat x Drug: F(1,45) = 0.100, p = 0.7535, η2 = 0.002;
Sex x Drug: F(1,45) = 0.037, p = 0.8482, η2 = 0.065; Defeat x Sex x Drug: F(1,45) = 0.230, p =
0.6341, 0.005); Figure 3.4A). Tukey’s multiple comparisons revealed a significant difference
based on defeat status in males receiving vehicle and males receiving NAB administration.
Among males receiving vehicle, those who were defeated showed significantly more avoidance
than did those who were not defeated in puberty (p = 0.0361; male vehicle no defeat = 121.492 ±
43.223; male vehicle defeat = 257.024 ± 14.099 (mean ± SEM)). Among males receiving NAB,
those who were defeated in puberty similarly displayed significantly more avoidance than did
those who were not defeated in puberty (p = 0.0246; male NAB no defeat = 108.848 ± 29.915;
male NAB defeat = 250.380 ± 22.224 (mean ± SEM)). Similar comparisons among females did
not reach statistical significance.
As additional behaviors scored during adolescent testing (risk assessments and flees)
required the use of non-parametric statistical tests and because these behaviors often show
differences based on sex, we analyzed additional behaviors for each sex separately using
treatment and group to compare 4 groups (vehicle no defeat, vehicle defeat, drug no defeat, drug
defeat) within each sex. Among adolescent males, Kruskal-Wallis revealed significant
differences based on drug treatment and defeat status in pubertal risk assessments (H = 14.738,
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df = 3, p = 0.002) with Dunn’s pairwise comparisons used to detect differences between defeat
and drug conditions. In males receiving NAB administration, defeated animals exhibited
significantly more risk assessments than did non-defeated animals (p = 0.014, mean rank: drug
defeat = 17.00, drug no defeat = 6.10; Figure 3.4B). There were no significant differences in
pubertal flees based on drug treatment or defeat status during adolescent avoidance testing (H =
1.947, df = 3, p = 0.584; Figure 3.4C). Among adolescent females, there were no significant
differences on either risk assessments or flees based on drug treatment and defeat status; (risk
assessments: H = 6.331, df = 3, p = 0.097; H = 4.772, df = 3, p = 0.189). Subjects in Experiment
2 did not display any flank marking during pubertal testing.
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Figure 3.4 Puberty Social Avoidance Testing Following Pubertal Social Defeat with NAB
administration.
Overall, pubertal hamsters who were defeated avoided a caged aggressor significantly
more following a single social defeat than did those who were not defeated (**p < 0.001), and
females displayed significantly less avoidance than did males (*p = 0.0063) (A). Among
hamsters who received NAB, defeated males exhibited significantly more risk assessments than
did males who were not defeated (B; *p = 0.014). There were no significant differences in flees
during pubertal social avoidance testing (C).
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3.3.4

Experiment 2b: Sodium Butyrate (NAB) Administration Does Not Alter LongTerm Responses to Pubertal Social Defeat Stress.

A 3-way ANOVA investigating adult avoidance identified no significant main effects of
defeat status (F(1,36) = 0.130, p = 0.7207, η2 = 0.004), sex (F(1,36) = 0.226, p = 0.6371, η2 =
0.006), or drug treatment (F(1,36) = 0.190, p = 0.6655, η2 = 0.005); and there were no significant
interaction effects between any of the factors (Defeat x Sex: F(1,36) = 0.588, p = 0.4482, η2 =
0.016; Defeat x Drug: F(1,36) = 0.00337, p = 0.9540, η2 < 0.001; Sex x Drug: F(1,36) = 0.00654,
p = 0.9360, η2 < 0.001; Defeat x Sex x Drug: F(1,36) = 0.485, p = 0.4907, 0.013; Figure 3.5A).
As additional behaviors scored during adult testing (risk assessments, flees, and flank
marks) required the use of non-parametric statistical tests and because these behaviors often
show differences based on sex, we analyzed additional behaviors for each sex separately using
treatment and group to compare 4 groups (vehicle no defeat, vehicle defeat, drug no defeat, drug
defeat) within each sex. Among adult males, Kruskal-Wallis revealed no significant differences
based on drug treatment and defeat status in adult risk assessments (H = 1.449, df = 3, p = 0.694;
Figure 3.5B), flees (H = 2.590, df = 3, p = 0.459; Figure 5C), or flank marking (H = 1.118, df =
3, p = 0.773; Figure 3.5D). In adult females, there were also no significant differences based on
drug treatment and defeat status in risk assessments (H = 1.545, df = 3, p = 0.672), flees (H =
2.429, df = 3, p = 0.488), or flank marking (H = 1.219, df = 3, p = 0.748). A 3-way ANOVA
investigating adult avoidance identified no significant main effects of defeat status (F(1,36) =
0.130, p = 0.7207, partial eta squared = 0.004), sex (F(1,36) = 0.226, p = 0.6371, partial eta
squared = 0.006), or drug treatment (F(1,36) = 0.190, p = 0.6655, partial eta squared = 0.005);
and there were no significant interaction effects between any of the factors (Defeat x Sex:
F(1,36) = 0.588, p = 0.4482, partial eta squared = 0.016; Defeat x Drug: F(1,36) = 0.00337, p =
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0.9540, partial eta squared < 0.001; Sex x Drug: F(1,36) = 0.00654, p = 0.9360, partial eta
squared < 0.001; Defeat x Sex x Drug: F(1,36) = 0.485, p = 0.4907, 0.013).

Figure 3.5 Adult Social Avoidance Testing Following Pubertal Social Defeat with NAB
Administration.
There were no significant differences in social avoidance (A), risk assessments (B), flees
(C), or flank marking (D) during social avoidance testing following an acute adult social defeat
experience based on whether hamsters had experienced the pubertal social defeat or no defeat
protocol nor were there any significant differences in any measures based on administration of
NAB prior to the pubertal defeat.
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3.4

Discussion
In summary, these experiments demonstrate the utility of a single, peri-pubertal social

defeat for investigating the immediate impact of pubertal social stress on subsequent social
behavior. As we found earlier, a single social defeat during early puberty results in marked social
avoidance (Rosenhauer et al., 2017). In contrast, our data did not support the hypothesis that
specific epigenetic modifications were a mechanism underlying this effect because there was no
impact of either HDAC inhibitor on immediate responses to pubertal social stress. Unfortunately,
we failed to replicate our previous findings that peripubertal social defeat leads to increased
susceptibility to social defeat stress in adulthood (Rosenhauer et al., 2017). Given that we were
unable to demonstrate the increased susceptibility to social defeat stress in adulthood following a
single social defeat in puberty, we were also unable to support the hypothesis that epigenetic
modifications are possible mediators of the later increase in susceptibility to adult social defeat.
In Experiment 1, we observed an increase in social avoidance following pubertal social
defeat in males that received vehicle, similar to responses to pubertal social defeat seen in our
previous study (Rosenhauer et al., 2017). This significant defeat effect was not present in males
that received systemic administration of VPA, a drug that inhibits histone deacetylases at the
time of the defeat experience. At first glance it would appear then that VPA prevented or blocked
the immediate behavioral effects of the pubertal social defeat; however, as no main effect of
VPA was found, this conclusion cannot be drawn.
In Experiment 2, there were significant effects of defeat status and sex on social
avoidance following pubertal social defeat, but there was no significant effect of drug. In this
experiment, pubertal males that were defeated showed significantly more social avoidance than
did those that were not defeated regardless of drug treatment. Although pubertal females seemed
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to demonstrate a similar pattern, this did not differ significantly. In addition, males that received
NAB before being socially defeated showed significantly more risk assessments than did males
that received vehicle. Altogether, the pubertal results of Experiments 1 and 2 reveal a strong
effect of social defeat in pubertal males. We have previously found sex differences in hamster
responses to social defeat during puberty (Rosenhauer et al., 2017), and similar sex differences
are sometimes observed following adult social defeat, as well (Huhman et al., 2003; Solomon et
al., 2007). On average, female hamsters display more aggression and dominant behavior than do
males (Brian and Brain, 1972; Swanson and Payne, 1970), and, given that dominance appears to
confer some resistance to social defeat stress in males (Morrison et al., 2011; Kathleen E.
Morrison et al., 2014), it is thus possible that this dominance provides female hamsters with
greater resiliency to social defeat stress than is seen in males.
We were surprised to find no overall effect of two different HDAC inhibitors on shortterm responses to pubertal social defeat. This lack of effect of VPA or NAB on pubertal social
defeat differs from our lab’s previous results demonstrating that systemic VPA administration in
adult hamsters significantly increased responses to social defeat (McCann et al., 2017). It is
possible that the developmental differences between pubertal and adult hamsters could account
for this discrepancy. Differences in responses to social defeat based solely on period of
development have been found. In hamsters, for example, repeated social defeat experiences in
adulthood result in increased social avoidance and submissive behaviors and complete loss of
typical adult territorial aggression (Huhman et al., 2003); however, hamsters who experienced
repeated, relatively severe, social defeats (e.g., “social subjugation”) across the adolescent
period, on the contrary, showed increased adult territorial aggression (Wommack et al., 2003).
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Because puberty is an intense period of maturation and alteration in brain circuitry and
neural networks (see Holder and Blaustein, 2014), it is also possible that the circuitry involved in
responses to social defeat stress and the mechanisms mediating these responses are not the same
for pubertal and adult hamsters which could potentially impact drug effects upon behavioral
responses to social defeat. For instance, the medial prefrontal cortex (mPFC) is undergoing
extensive maturation and alterations throughout puberty (Goddings et al., 2019; Juraska and
Willing, 2017) and is a crucial node in the circuitry involved in responses to social defeat stress
(Markham et al., 2012). Our lab has shown that site-specific administration of VPA into the
mPFC recapitulated the increased social avoidance seen with systemic HDAC inhibition with
VPA (McCann et al., 2017); thus, if systemic HDAC inhibition via VPA acts within the mPFC to
enhance responses to social defeat differences in mPFC, maturation of related brain circuitry
during puberty could result in differential effects of VPA during this time period. Also,
metabolic differences based on age could alter the metabolism, timing, and mechanisms by
which VPA impacts histone acetylation within the brain again leading to differences between
adult and pubertal hamsters in VPA’s impact on responses to social stress. Thus, it is possible
that a different dose for pubertal hamsters is necessary to achieve the same impact on behavioral
responses as seen in adult hamsters. Additionally, puberty is a period of development marked by
extensive epigenetic changes (see Kanherkar et al, 2014; Morrison et al, 2014b). It is possible
then that interactions between developmental epigenetic changes, HDAC inhibitors, and pubertal
social stress could result in very different results during puberty than during adulthood. As
neither VPA nor NAB administration altered behavioral responses to social defeat during
puberty, HDAC inhibition does not appear to play a major role in short-term responses to
pubertal social defeat; however, other epigenetic modifications are still possible candidates.
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Further research investigating additional alterations in chromatin modification such as other
HDAC regulators or DNA methylation might better identify specific epigenetic mechanisms that
mediate pubertal responses to social defeat stress.
Adult social avoidance testing following the adult social defeat experience in both
Experiment 1 and 2 sought to determine if HDACi administration prior to the pubertal social
defeat would mitigate the increased vulnerability to adult social defeat stress seen in hamsters
who were defeated in puberty. These experiments, however, failed to replicate our previous
finding that showed increased susceptibility to adult social defeat stress following a single peripubertal social defeat (Rosenhauer et al., 2017). In the present study, we found no differences in
social avoidance or any measured behaviors among any groups based on pubertal defeat
experience during testing following a single adult social defeat. As the long-term effects of the
single pubertal social defeat were not evident in these experiments, we were thus unable to
determine if administration of either VPA or NAB prior to the pubertal social defeat might
mediate the impact of pubertal social defeat on responses to social defeat in adulthood. Because
our previous findings were replicated in multiple cohorts, it seems likely that the increased
vulnerability to adult social defeat stress based on a single pubertal social defeat is a subtle effect
that does not persist under further manipulations. Future research should investigate whether a
more severe or prolonged stress exposure during puberty produces a more robust effect on adult
responses to social defeat stress that could then be useful in exploring mechanisms by which
social stress experienced during puberty impacts responses to stress in adulthood.
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4.1

Introduction
Social avoidance is a key symptom of a wide variety of neuropsychiatric illnesses

(Lipsitz and Schneier, 2000; Tiihonen et al., 1997; Trew, 2011; Worswick et al., 2018) including
mood and anxiety disorders, post-traumatic stress disorder, and even schizophrenia (Schneier et
al., 2002) . These disorders affect millions of individuals (Kessler, 1995; Kessler et al., 2007,
2005; Kilpatrick et al., 2013) and are associated with devastating social, somatic, and economic
costs (Kessler et al., 2007, 2005; Menard et al., 2017; Tanielian et al., 2008) particularly given
that currently-approved treatments often have limited efficacy (Fournier et al., 2010; Huh et al.,
2011; Kane, 2012; Trivedi, 2006). These treatments have very limited pharmacodynamic targets,
suggesting that novel treatment options aimed at alternative mechanistic pathways are
desperately needed. Neurotrophin signaling, particularly that of brain-derived neurotrophic factor
(BDNF) at its cognate receptor, tropomyosin receptor kinase B (TrkB), is one such promising
alternative target (Martinowich et al., 2007).
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BDNF has been implicated in a variety of neuropsychiatric disorders (Autry and
Monteggia, 2012; Björkholm and Monteggia, 2016; Duman and Monteggia, 2006). Multiple
lines of evidence suggest that impaired BDNF signaling is integral to the pathophysiology of
mood disorders and that BDNF is critical for the therapeutic mechanism of antidepressants
(Björkholm and Monteggia, 2016; Castrén, 2014; Castrén et al., 2007; Duman et al., 1997;
Duman and Monteggia, 2006; Hashimoto, 2013; Nestler et al., 2002; Saarelainen et al., 2003).
Chronic treatment with antidepressants, electroconvulsive shock therapy, and exercise all
increase BDNF mRNA and protein expression in the hippocampus in humans and rodents (Chen
et al., 2001; Duman et al., 2008; Nibuya et al., 1995; Russo-Neustadt et al., 1999), and blocking
the activity of BDNF in response to these treatments blocks their therapeutic effect (Freire et al.,
2016; Monteggia et al., 2007, 2004; Saarelainen et al., 2003). Additionally, a single nucleotide
polymorphism in the human BDNF gene (Val66Met, in which methionine is substituted for
valine in codon 66) has been associated with increased anxiety and an increased risk of stressrelated depression and schizophrenia (Eisenberg et al., 2013; Gratacòs et al., 2007; Hosang et al.,
2014; Wei et al., 2017) in humans and increased anxiety- and depression-like phenotypes in mice
(Bath et al., 2012; Chen et al., 2006; Notaras et al., 2017; Yu et al., 2012).
Many studies investigating the relationship between stress and neuropsychiatric disorders
have employed social stressors (Golden et al., 2011; Hollis and Kabbaj, 2014; Huhman, 2006;
Nestler and Hyman, 2010). Social stress is reported to be the most common and salient type of
stress experienced by humans and other animals (Almeida, 2013; Björkqvist, 2001; Brown and
Prudo, 1981; Lederbogen et al., 2011; Wood et al., 2012), and exposure to social stress can cause
or exacerbate mental illness in humans (Björkqvist, 2001; Kessler, 2003; Nemeroff, 1998; Watt
and Panksepp, 2009) as well as stimulate depression- and anxiety-like behavior in non-human
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animals (Huhman, 2006; Kudryavtseva et al., 1991; Kumpulainen, 2008). A marked social
avoidance phenotype is produced in a wide variety of organisms, including hamsters and mice,
following exposure to both acute and chronic social defeat stress (Carpenter and Summers, 2009;
Dulka et al., 2016; Golden et al., 2011; Huhman et al., 2003; Latsko et al., 2016; Maruska and
Fernald, 2013; Meduri et al., 2013; Pryce and Fuchs, 2017; Trainor et al., 2011), but the majority
of studies have used chronic defeat protocols. Seminal work by Berton et al. (2006)
demonstrated that, in mice, BDNF is required for the development of social avoidance after
chronic defeat. This and other studies have established a central role for BDNF-TrkB signaling,
particularly in the ventral tegmental pathway to the nucleus accumbens (NAc), in promoting
chronic defeat-induced social avoidance and anxiety- and depressive-like behavior in mice
(Eisch et al., 2003; Krishnan et al., 2007; Wook Koo et al., 2016). We have previously
demonstrated that brief social stress, which also stimulates marked social avoidance and
conditioned defeat in Syrian hamsters (McCann and Huhman, 2012; Potegal et al., 1993),
increases BDNF mRNA in the hippocampus and in the basolateral and medial amygdala but not
in the central amygdala or nucleus accumbens and that microinjection of the non-selective Trk
receptor antagonist k252a into the basolateral amygdala (BLA) reduces these defeat-induced
behavioral responses (Taylor et al., 2011). Together, these data are consistent with the hypothesis
that BDNF promotes social stress-induced behavioral changes in hamsters as it does in mice.
This idea, however, runs counter to the data presented above illustrating that BDNF prevents or
reverses depression- and anxiety-like responses. Given the interest in BDNF signaling pathways
as a possible new target for pharmacological intervention in disorders in which social avoidance
is a key symptom, it is important to broaden our understanding of BDNF’s effects on stress
responding. The purpose of the present project was to employ a comparative approach and a
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variety of methodologies and behavioral tests using both hamsters and mice to determine
whether social defeat-induced behavioral responses are promoted or prevented by BDNF-TrkB
signaling. We tested whether systemic treatments that alter this signaling pathway are effective
in changing behavioral responses to a social stressor and, if so, if these effects could be
mimicked by manipulating BDNF-TrkB signaling site specifically in the NAc or BLA.
4.2

Materials and Methods
4.2.1

Animals

Male Syrian hamsters (Mesocricetus auratus), were obtained from Charles Rivers
Laboratories (New York, NY or Wilmington, MA) or bred in-house from animals obtained from
Charles Rivers. Hamsters were 9-12 weeks old and weighed between 120-160 g at the time of
testing. Resident aggressors (RAs) used in defeat training were larger (at least 3-6 months old),
singly-housed hamsters proven to reliably attack an intruder. Non-aggressive intruders used
during conditioned defeat testing were smaller (7-9 weeks old), group-housed hamsters that did
not respond to the resident hamster with overt aggression or submission. All hamsters were
housed in polycarbonate cages (23 x 43 x 20 cm) with corncob bedding, cotton nesting material,
and wire tops within a colony room on a 14:10 light/dark cycle as is customary in this species to
maintain gonadal patency (Ottenweller et al., 1987).
Male mice (3-5 months of age) were conditional TrkBF616A (129J/C57Bl/6 hybrid
background; TrkBF616A knock-in (KI) ) mutants bred in-house from animals originally
obtained from Jackson Labs or C57BL/6J mice (Charles Rivers Laboratories). RAs were retired
male CD-1 breeders (1-1.5 yrs old) that were individually housed and screened for reliable
aggression. Mice were housed in standard cages (19.5 x 13 x 38 cm) with corncob bedding and
cotton nesting material within a dedicated colony room on a 12:12 light/dark cycle.
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All animals were given ad libitum access to food and water, were singly housed 1 week
prior to behavioral manipulations, and were handled daily for at least five days to allow
habituation to experimenters. One week of single housing is not a significant stressor for
hamsters or mice (Manzaneque et al., 2002; Ross et al., 2017). To minimize circadian variation,
all manipulations occurred during the first 3 hr of the dark phase of the daily cycle under dim red
illumination. This is the time when rodents are active and exhibit the majority of their agonistic
behavior (Landau, 1975; Lerwill and Makings, 1971) and is thus the most ethologically relevant
time window within which to test. All procedures and protocols were approved by the Georgia
State University Institutional Animal Care and Use Committee and were in accordance with the
standards outlined in the National Institutes of Health Guide for Care and Use of Laboratory
Animals.
4.2.2

Pharmacological Agents

All drug doses were based on those commonly used in the literature. The selective, small
molecule TrkB receptor agonist 7,8-Dihydroxyflavone (Jang et al., 2010, however, see also
Kobayashi and Suzuki, 2018) (7,8-DHF) (TCI America; Montgomeryville, PA) was
administered intraperitoneally (IP) either 1 hr before (acquisition study) or immediately after
(consolidation study) defeat training in hamsters. Hamsters received one of three doses (2.5, 5.0,
or 10mg/kg) of 7,8-DHF dissolved in 40% Dimethylsulfoxide (DMSO)/60% saline or vehicle
(40% DMSO/60% saline), and mice received 5mg/kg 7,8-DHF or vehicle administered 1 hr prior
to social defeat training (Andero et al., 2012, 2011). The selective TrkB receptor antagonist
ANA-12 ([N2-2-2-Oxoazepan-3-yl amino] carbonyl phenyl benzo (b) thiophene- 2carboxamide) (Sigma; St. Louis, MO) (Cazorla et al., 2011) was also administered IP (0.0
mg/kg, 0.5 mg/kg or 1.0 mg/kg in 100% DMSO). BDNF (rhBDNF; Sigma; St. Louis, MO) was

74

administered site-specifically via microinjection (0.2ng, 0.4ng or 0.8ng/200nl physiological
saline) immediately before social defeat training.
Reversible TrkB signaling blockade in mutant TrkBF616A KI mice was induced using
site-specific, bilateral infusions of 1-NM-PP1 (250 nl/side of 0.1 nmol 1-NM-PP1 in 4%
DMSO/2% Tween-20; Millipore Sigma, Burlington, MA) (Chen et al., 2005; Choi et al., 2012).
TrkBF616A KI mice given vehicle functioned as wildtype controls and untreated TrkBF616A KI
mice, which have fully functional TrkB receptors, served as subjects for peripheral 7,8-DHF
injections. C57Bl/6J were used to test effects of BDNF in the BLA.
4.2.3

Cannulations, Microinjection Procedures, and Histological Verification of
Injections

For central drug administration, subjects were implanted with bilateral guide cannulae
targeting the BLA or NAc. Skulls were leveled before implantation and final stereotaxic
coordinates were measured from Bregma: BLA (hamsters: +0.0AP, ±4.0ML, -6.2DV; mice: 1.6AP, ± 3.3ML, and -4.9DV), NAc (hamsters: +3.2AP, ±3.1ML, -4.0DV at a 20° angle toward
the midline); mice: +1.2AP, ±2.3ML, -4.7DV at a 20° angle toward the midline). Anesthesia
was induced with 5% isoflurane and then maintained at 2-3% isoflurane during surgery. Dummy
stylets were placed in cannulae and these were removed and replaced daily during handling to
ensure patency and to habituate subjects to handling and injection procedures. Microinjections
were completed using an infusion pump (Harvard Apparatus, Holliston, MA) and a Hamilton
syringe that was connected to the injection needle by 50-gauge polyethylene tubing. To minimize
damage to the injection site, shorter, 26-gauge guide cannula were used with a longer, 33-gauge
injection needle that projected 1.2 mm beyond the guide cannula to provide the final depth.
Microinjections were administered over 1-2 min, and the injection needle was left in the cannula
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guide for 1 min after the injection to ensure diffusion of the drug from the needle tip. Successful
injections were inferred if solution flowed easily from the needle before and after microinjection
and if a small air bubble placed between the drug and saline solution in the tubing moved during
the microinjection.
At the conclusion of experiments with centrally administered drugs, subjects were deeply
anesthetized, decapitated and infused with 200nl of India ink per cannula to verify needle
placements. Brains were then removed from the skull and flash frozen in isopentane and dry ice
and stored at -80°C until sectioning on a cryostat (Leica CM 3050 S). Mounted sections were
stained with Neutral red, cover slipped with DPX mountant, and examined using a light
microscope for ink in the target region. Only animals with ink injections within 0.3mm of the
target region, as determined by observers blind to experimental group, were included in the final
analysis.
4.2.4

Social Defeat Training

For hamsters, social defeat training was performed as described previously (Huhman et
al., 2003). Briefly, defeats occurred in the home cage of an RA for a duration of either 5 or 15
min. We used “suboptimal”, 5 min defeats when we expected a treatment to enhance defeatinduced behaviors to avoid ceiling effects in conditioned defeat during testing, and we used 15
min defeats when we expected the opposite to avoid floor effects in conditioned defeat. For
mice, defeat training occurred in the home cage of a CD1 aggressor and lasted 5 min after the
initial defeat of the subject, characterized by the RA attacking the subject and the subject
exhibiting subsequent submissive behavior and flight. All all animals were monitored during the
defeat experience to ensure that no physical injuries occurred. During training, no defeat controls
were placed into an empty RA/CD1 cage for the same amount of time as defeated animals to
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control for handling and exposure to a novel cage with social odors. Following these
manipulations, all subjects were returned to their home cages. When drug infusions were given
prior to defeat training, behavior of the aggressors and subjects was digitally recorded and
scored, as described below, to ensure that there were no differences in the amount of aggression
emitted by the aggressor or submission exhibited by the subject as a factor of drug treatment.
4.2.5

Statistics Behavioral Testing, Scoring, and Analysis

Behavioral testing occurred 24 hrs after defeat training and was digitally recorded via
CCD camera for later scoring by observers blinded to condition using Noldus Observer (v. 7.011.5; Leesburg, VA, USA). Hamsters were tested for conditioned defeat, defined as a lack of
territorial aggression and a display of submissive behavior, social avoidance, and flight, by
placing a non-aggressive intruder into the subject’s home cage for 5 min (Huhman, 2006;
Huhman et al., 2003). During conditioned defeat testing in hamsters, the duration of all
behaviors emitted was measured and grouped in the following categories: (1) Social (i.e., greet,
sniff, allogroom) (2) Non-social (i.e., locomotion, autogroom) (3)
Submissive/Defensive/Avoidant (i.e., upright and side submissive posture, tail lift, flee) and (4)
Aggressive (i.e., upright and side attack, bite, chase), as described in detail in Albers, Huhman,
& Meisel (Albers et al., 2002). Conditioned defeat testing with an intruder was used instead of
simply testing social avoidance in hamsters because this procedure allows us to examine whether
any of the treatments affect aggression and other behaviors, and thus potentially allows a richer
examination of the behavioral response to defeat than is obtained simply by measuring social
avoidance.
Because mice will neither attack nor avoid a conspecific introduced into their home cage,
this species is usually tested for defeat-induced social avoidance of a caged opponent (Golden et
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al., 2011). We tested mice for defeat-induced social avoidance of a caged, unfamiliar CD1
aggressor (duration 5 min) in a novel arena (polycarbonate cage: 24 x 33 x 20 cm). The CD1
aggressor was placed in a plastic mesh cage (6.75 x 6.75 x 3.5 cm) on one end of the arena to
allow visual, olfactory, and auditory communication without physical interaction as is common
in the mouse social defeat literature. The subject was allowed to freely ambulate around the
testing arena and an observer blinded to treatment group scored the duration of time (sec) spent
in the far half of the arena from the caged opponent (our operational definition of social
avoidance) and in the social interaction zone immediately surrounding the caged opponent.
Observers also scored frequency of risk assessments, indicated by a characteristic flat-backed,
stretch-attend posture towards, as well as flees away from, the caged opponent (Blanchard et al.,
2003; McCann and Huhman, 2012; Rosenhauer et al., 2017; Yang et al., 2004). We did not
calculate a social interaction ratio but instead directly measured frequencies and/or durations of
the behaviors emitted because we were expressly interested in the effect of the BDNF/TrkB
manipulations on avoidance-like behavior in the population as a whole and were not interested in
dividing animals into “resilient” and “susceptible” groups.
Statistical analyses were performed with IBM SPSS software (v. 20.0.0-23.0.0) using a
priori t-tests or analysis of variance (ANOVA) followed by Tukey’s tests, where appropriate.
Effect sizes were calculated with Cohen’s d for t-tests or eta-squared for ANOVAs.
4.3

Results
4.3.1

Behavioral Responses to Social Defeat in Hamsters and Mice

Because there were 5 and 15 min defeats in hamsters, the data are shown as percent of
defeat-vehicle control for consistency and ease of comparison among experiments. Only a subset
of the behavioral data are presented in the main results and figures, but the complete behavioral
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data for all behaviors scored during testing, as well as statistical comparisons and effect sizes for
the raw data in seconds, are shown in Figures 4.1-4.4. It is also important to note that no animals
were included in the analysis if they sustained any bite that broke the skin during defeat training;
thus, all of these animals have experienced primarily psychological stress and no wounding. In
this study, only one animal (a hamster) was removed from the analysis due to a bite wound.
There was little to no aggression displayed by any defeated hamsters or mice in this
study and no significant effect of treatment on aggression in any of the experiments. The data for
no defeat vehicle and no defeat drug groups, when included, are also shown in the figures. To
reduce the number of animals required, no defeat controls were not included in every
experiment.
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Figure 4.1 Systemic administration of a tropomyosin receptor kinase B (TrkB) receptor
agonist reduces social defeat-induced behavioral changes in hamsters and mice.
(A) Graph illustrates the duration in seconds of submissive, social, and non-social
behavior for hamsters given intraperitoneal (IP) 7,8-Dihydroxyflavone (7,8-DHF; 0.0, 2.5, 5.0,
or 10.0 mg/kg) prior to social defeat training in hamsters. There was a significant main effect of
drug on submissive and social behavior (in sec) emitted during conditioned defeat testing but no
significant effect of drug on non-social behavior (p=0.072; ƞ2=0.162). Tukey’s post-hoc tests
revealed that hamsters receiving the highest dose of 7,8-DHF before defeat exhibited
significantly less submissive behavior than did hamsters that received vehicle (* p=0.032;
Cohen’s d=1.213). Hamsters given the lowest dose of 7,8-DHF displayed significantly more
social behavior than did those receiving vehicle (** p=0.012, Cohen’s d=1.257). (B) Duration in
seconds of behavior (submissive, social, or non-social) for hamsters given 7,8-DHF
intraperitoneally (IP) immediately following social defeat training in hamsters. There was a
significant effect of drug on submissive behavior (* p=0.050; Cohen’s d=0.9) and a significant
effect of defeat on submission and social behavior (Submission: # p<0.001; ƞ2=0.427; Social: ##
p<001; ƞ2=0.424). (C) Avoidance for mice given 7,8-DHF (10mg/kg) prior to social defeat.
Defeated mice receiving 7,8-DHF exhibited significantly fewer seconds of social avoidance than
did defeated mice receiving vehicle (* p=0.025; Cohen’s d=0.905). (D) There was a main effect
of drug on time spent in the social interaction zone with mice given 7,8-DHF IP immediately
before social defeat exhibiting significantly more social interaction than did mice given vehicle
(F(1,38)=4.545, * p=0.04; ƞ2 = 0.107). (E) There was no significant effect of defeat or drug on
risk assessments. (F) Although there were very few flees emitted during social avoidance testing,
there was an overall effect of defeat in that defeated mice exhibited significantly more flees
during avoidance testing than did non-defeated mice (F(1,38)=3.874, * p=0.056; ƞ2 = 0.093); there
was no overall effect of drug (F(1,38)=0.636, p=0.43; ƞ2 = 0.016).
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Figure 4.2 Duration in seconds of behavioral categories demonstrating that systemic
administration of a TrkB receptor antagonist enhances conditioned defeat in defeated hamsters.
Hamsters systemically administered ANA-12 ([N2-2-2-Oxoazepan-3-yl amino] carbonyl
phenyl benzo (b) thiophene- 2-carboxamide) immediately after social defeat displayed
significantly more submissive behavior when tested with a non-aggressive intruder 24hr later
than did defeated hamsters receiving only vehicle (*p<0.05). There was a significant overall
effect of defeat on duration of all categories of behavior during testing (#p<0.05). There was,
however, a significant defeat by drug interaction for submissive behavior (F(1,36)=6.267, p=0.017;
ƞ2=0.148). An a priori t-test revealed that defeated hamsters receiving ANA-12 exhibited
significantly more submission than did defeated hamsters receiving vehicle (* p=0.046; Cohen’s
d=1.000).
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Figure 4.3 BDNF in the nucleus accumbens (NAc) does not alter acute defeat-induced
behavior responses in hamsters or in C57BL/6J mice.
(A) BDNF in the NAc did not alter seconds of submissive, social, or non-social behavior
in hamsters even when the usual effective dose was doubled to 0.8ng. (B) Represents the raw
data (in secs) for mouse avoidance, illustrating that there was no effect of BDNF in the NAc
(p>0.05; Cohen’s d=0.229).
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Figure 4.4 Manipulation of BDNF-TrkB signaling within the BLA alters responses to
social defeat.
(A) BDNF microinjected into the BLA prior to social defeat significantly reduced
submissive behavior (in sec) during testing (* p=0.034; Cohen’s d=0.784) but did not alter social
or non-social behavior. (B) Reducing TrkB signaling within the BLA of TrkB KI mice with a 1NM-PP1 infusion into the BLA 1h before defeat training resulted in significantly more social
avoidance (in sec) exhibited during testing with a caged opponent when compared to mice that
received vehicle (* p=0.022; Cohen’s d=1.145).
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4.3.2

Systemic Administration of a TrkB Receptor Agonist Reduces Conditioned
Defeat in Hamsters and Defeat-Induced Social Avoidance in Mice.

We first tested whether a specific, non-peptide TrkB receptor agonist administered
systemically alters behavioral responses to social defeat in hamsters and mice. We initially gave
one of three doses of 7,8-DHF before defeat training in hamsters and found that there was a
significant main effect of drug on submissive behavior emitted during conditioned defeat testing
(Figure 4.5A-B; Submission: F(3,39)=2.946, p=0.045; ƞ2=0.185). Tukey’s post-hoc tests revealed
that hamsters receiving the highest dose of 7,8-DHF before defeat exhibited significantly less
submissive behavior than did hamsters that received vehicle (p=0.032; Cohen’s d=1.213). If
hamsters were given 7,8-DHF immediately following defeat training, there was still a significant
effect of drug on submissive behavior (Fig 4.5C-D; t(19)=2.089, p=0.050; Cohen’s d=0.9). Effects
of 7,8-DHF on all scored categories of behavior are shown in seconds in Figure 4.1.
Next, we tested whether 7,8-DHF would also reduce the behavioral response to defeat in
mice (Figure 4.5E-F). In mice that received 7,8-DHF, we observed a significant reduction in
avoidance behavior (Figure 4.5G; t(26) =-2.379, p=0.025; Cohen’s d=0.905) as well as a
significant increase in social interaction (Figure 4.5H; (t(26)=-2.243, p=0.034; Cohen’s d=0.86)).
There was a trend toward decreased risk assessments (Figure 4.5I; t(26)=1.139, p=0.063;
Cohen’s d=0.74).
.
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Figure 4.5 Systemic administration of a tropomyosin receptor kinase B (TrkB) receptor
agonist reduces social defeat-induced behavioral changes in hamsters and mice.
All values are shown as percent vehicle control. (A) Schematic of the experimental
protocol for the hamster acquisition experiment. (B) There was a main effect of intraperitoneal
(IP) 7,8-dihydroxyflavone (7,8-DHF) given immediately before a 15 min social defeat
(F(3,39)=2.946, p=0.045; h2=0.19). Hamsters given 10mg/kg of 7-8,DHF displayed significantly
less submission during testing 24 hr later than did hamsters given vehicle (Tukey’s post hoc: *
p=0.032; Cohen’s d=1.21). (C) Schematic of the experimental protocol for the hamster
consolidation experiment. (D) 7,8-DHF (10 mg/kg) given IP immediately after a 15 min social
defeat significantly reduced defeat-induced submission during testing compared to vehicle
controls (t(12.052)=2.959,* p=0.05; Cohen’s d=0.90). (E) Schematic of the experimental
protocol for the mouse acquisition experiment. (F) Schematic of mouse avoidance testing arena.
Seconds spent in “Far” was operationally defined as avoidance. Seconds spent within 8 cm of the
caged opponent was operationally defined as social interaction. Animals were determined to be
within a zone when both forepaws were within that zone. (G) Mice given IP 7,8-DHF
immediately before social defeat displayed significantly less social avoidance during subsequent
testing than did mice given vehicle (t(26)=2.379,* p=0.025; Cohen’s d=0.91). (H) Mice given IP
7,8-DHF immediately before social defeat displayed significantly more social interaction than
did mice given vehicle/defeat (t(26)=-2.243, * p=0.034; Cohen’s d=0.86). (I) There was a trend
for mice given IP 7,8-DHF immediately before social defeat to display fewer risk assessments
than did mice given vehicle/defeat (t(26)=1.139, p=0.063; Cohen’s d=0.74).
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4.3.3

Systemic Administration of a TrkB Antagonist Enhances Conditioned Defeat in
Hamsters.

We next tested whether blockade of TrkB receptor signaling following systemic
administration of ANA-12 would enhance behavioral responses to social defeat in hamsters
subjected to a 5 min defeat (Figure 4.6A). Indeed, hamsters given ANA-12 immediately
following social defeat training displayed more submissive behavior during conditioned defeat
testing than did defeated hamsters receiving vehicle (Figure 4.6B; t(10.583)=-2.254, p=0.046;
Cohen’s d=1.000). Effects of ANA-12 on all scored categories of behavior are shown in seconds
in Figure 4.2.

Figure 4.6 Systemic administration of a tropomyosin receptor kinase B (TrkB) receptor
antagonist enhances conditioned defeat in hamsters.
All values are shown as percent vehicle control. (A) Schematic of the experimental
protocol for the ANA-12 ([N2-2-2-Oxoazepan-3-yl amino] carbonyl phenyl benzo (b) thiophene2-carboxamide) consolidation experiment. ANA-12 was given intraperitoneally (IP) only after
defeat training because there was a significant effect of the DMSO vehicle on the aggressive
behavior produced by resident aggressors towards the experimental animals during defeat
training (data not shown). (B) Hamsters administered the TrkB receptor antagonist ANA-12 (1.0
mg/kg) immediately after social defeat displayed significantly more submissive behavior when
tested with a non-aggressive intruder 24 hr later than did defeated hamsters receiving only
vehicle (t(10.583)=2.254,* p=0.046; Cohen’s d=1).
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4.3.4

BDNF in the NAc Does Not Alter Behavior Following Acute Defeat in
Hamsters or Mice.

BDNF in the pathway from the ventral tegmental area (VTA) to the NAc has been shown
to be necessary for the behavioral changes that are observed in mice following chronic social
defeat stress (Berton et al., 2006; Krishnan et al., 2007). We tested whether microinjection of
BDNF in the NAc before a 5 min defeat would enhance conditioned defeat in hamsters (Figures
4.7A-C) or social avoidance in mice (Figures 4.7D-F). There was no main effect of BDNF on
submissive behavior in hamsters (Figure 4.7B; F(2, 24)=0.509, p=0.607; ƞ2=0.041) or on social
avoidance in mice (Figure 4.7E; F(1,21)=0.023, p=0.880; ƞ2=0.001). Effects of BDNF on all
scored categories of behavior are shown in seconds in Figure 4.3.

Figure 4.7 Brain derived neurotrophic factor (BDNF) in the nucleus accumbens (NAc)
does not alter behavioral responses to acute defeat in hamsters or in C57BL/6J mice).
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All values are shown as percent vehicle control. (A) Schematic of the experimental
protocol for hamster BDNF in the NAc. (B) BDNF in the NAc did not alter conditioned defeat,
even when the dose was doubled (F(2,24)=0.509, p=0.607; h2=0.041). (C) Schematic for
microinjection sites for data shown in panel (B). Shading represents the injection sites for one or
more animals. Illustrations were modified from (Morin and Wood, 2001). Final stereotaxic
coordinates for hamster NAc were +3.2AP, ±3.1ML, and -4.0DV. To minimize damage to the
injected brain regions, our guide cannulae ended 1.2 mm above the targeted site, and an injection
needle that projected 1.2 mm from the bottom of the guide cannulae was used to reach the final
depth. (D) Schematic of the experimental protocol for BDNF in the NAc of C57Bl/6J mice. (E)
BDNF in the NAc did not significantly alter social avoidance in mice that underwent acute social
defeat (t(14)=0.452,* p=0.658; Cohen’s d=0.23). (F) Schematic of microinjection sites for data
shown in panel (E). Orange shading represents the injection sites for one or more animals.
Illustrations were modified from (Franklin and Paxinos, 2008). Final stereotaxic coordinates for
mouse NAc microinjections were -1.2AP, ± 2.3ML, and -4.7DV with cannulae angled in toward
the midline at 20°.
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4.3.5

BDNF-TrkB Signaling in the BLA Alters Defeat-Induced Behavior in
Hamsters and Mice.

Finally, we tested whether altering BDNF-TrkB signaling in the BLA before defeat
training changes defeat-induced behavioral responses. Hamsters microinjected bilaterally with
BDNF in the BLA exhibited significantly less submission than did vehicle controls (Figure 4.8AC; t(19.756)=-2.278, p=0.034; Cohen’s d=0.784). There was no effect of BDNF on any other
behavioral category (see Figure 4.4).
In mice, we tested whether TrkB signaling blockade in TrkBF616A KI mice promotes
defeat-induced social avoidance. Indeed, mice infused with 1-NM-PP1 1h before defeat training
exhibited significantly more social avoidance during testing with a caged opponent than did
vehicle-infused mice (Fig 3d-f; t(17)=-2.518, p=0.022; Cohen’s d=1.145)
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Figure 4.8 Manipulation of tropomyosin receptor kinase B (TrkB) signaling within the
basolateral amygdala (BLA) alters responses to social defeat.
All values are shown as percent vehicle control. (A) Schematic of the experimental
protocol for hamster brain-derived neurotrophic factor (BDNF) in the BLA. (B) Hamsters
implanted with bilateral guide cannulae and microinfused with BDNF (0.4ng/200nl) into the
BLA prior to social defeat displayed significantly less submissive behavior during nonaggressive intruder testing than did hamsters receiving only vehicle (t(19.756)=2.278,* p=0.034;
Cohen’s d=0.78). Group n’s are larger because two experimenters separately replicated this
experiment. (C) Schematic for injection sites for data shown in panel (B). Shading represents the
injection sites for one or more animals. For all experiments with central administration, ink
injections in each cannula were used to verify needle placement, and only animals with ink
injections within 0.3mm of the target region were included in the final analysis. Illustrations
were modified from (Morin and Wood, 2001). Final stereotaxic coordinates for hamster BLA
were +0.0AP, ±4.0ML, and -6.0DV, and skulls were leveled before implantation. To minimize
damage to the injected brain regions, our guide cannulae ended 1.2 mm above the targeted site,
and an injection needle that projected 1.2 mm from the bottom of the guide cannulae was used to
reach the final depth. (D) Schematic of the experimental protocol for mouse 1-NM-PP1 in the
BLA. (E) Reducing TrkB signaling within the BLA of TrkBF616A KI mice with 1-NM-PP1
resulted in significantly increased social avoidance during testing 24hr later when compared to
mice that received vehicle (t(17)=2.518,* p=0.022; Cohen’s d=1.15). (F) Schematic of
microinjection sites for the TrkBF616A KI mice shown in panel (E). Shading represents the
injection sites for one or more animals. Illustrations were modified from (Franklin and Paxinos,
2008). Final stereotaxic coordinates for mouse BLA microinjections were -1.6AP, ± 3.3ML, and
-4.9DV.
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4.4

Discussion
The present project used a novel comparative, multidimensional approach to demonstrate

that both peripheral and brain region-specific manipulation of BDNF signaling alters behavioral
responses to acute social defeat stress and that these effects are similar in hamsters, which are
territorial and aggressive, and mice, which are more social and less aggressive. Significantly,
despite considerable evidence from mouse chronic defeat studies that BDNF signaling promotes
social avoidance, here we demonstrate in both hamsters and in mice that activating BDNF
signaling during or after a brief social defeat stressor reduces subsequent social avoidance and,
conversely, that inhibiting BDNF signaling enhances this behavioral response. These effects
appear to be mediated in hamsters and mice via the action of BDNF on TrkB receptors and are
generalizable to two different behavioral tests of social avoidance. The data also suggest that
TrkB agonists, or pharmaceutical approaches that result in TrkB activation, might have
prophylactic effects if administered before or soon after exposure to a stressor.
These data also demonstrate that measuring conditioned defeat in hamsters that are
tested with a freely moving, non-aggressive intruder produces comparable data to that generated
in mice using social avoidance of a caged opponent as the dependent measure. Although we have
shown that hamsters, like mice, display social avoidance to caged opponents (McCann et al.,
2017, 2014; McCann and Huhman, 2012; Rosenhauer et al., 2017), conditioned defeat testing in
hamsters adds complementary data in that it is possible to measure not only submission and
social avoidance, but also to determine if treatments have any effect on aggression. Importantly,
we observed no changes in aggressive behavior following any of the treatments used in this
study.
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The majority of the existing literature demonstrating that BDNF promotes behavioral
responses to social defeat has been generated using pharmacologic, genetic, or optogenetic
manipulations of BDNF signaling primarily within the pathway from the VTA to the NAc
(Berton et al., 2006; Krishnan et al., 2007; Wook Koo et al., 2016). Because it is important from
a translational perspective to understand how global alteration of BDNF signaling alters
behavior, we began with peripheral administration of specific TrkB receptor agonists and
antagonists. Instead of promoting behavioral responses to defeat, however, we demonstrated that
a systemic TrkB receptor agonist given either before or immediately after the initial defeat
reduced the behavioral response to defeat in both hamsters and mice and that TrkB receptor
antagonism or knockdown enhanced this response. One possibility to account for the finding that
these drugs have the opposite effect from that observed in the VTA-NAc is that systemically
administered BDNF-active drugs primarily affect a brain region or regions other than the VTANAc. There is a precedent for the idea that BDNF signaling acts in a brain region-specific
manner to either promote or prevent behavioral responses to social defeat (Martinowich et al.,
2007). In rats that fail to respond to social defeat with an avoidant phenotype, BDNF mRNA and
protein are higher in the hippocampus and blocking BDNF signaling there promotes social
avoidance; conversely, 7,8-DHF reduces social avoidance in rats that are susceptible to defeat
(Duclot and Kabbaj, 2013). Similarly, in mice that are susceptible to chronic social defeat,
BDNF, TrkB, and phosphorylated TrkB proteins are reduced in prefrontal cortex and
hippocampus following chronic social defeat, and antidepressant treatment significantly
attenuates this reduction as well as reverses the social avoidance phenotype (Ma et al., 2016).
Further, the antidepressant-induced reduction in social avoidance is blocked by systemic ANA12 indicating that the effect is dependent on TrkB signaling (Ma et al., 2016). Finally, BDNF has
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an antidepressant-like effect when microinjected into the hippocampus (Björkholm and
Monteggia, 2016; Shirayama et al., 2002), but pro-depressant effects are observed when BDNF
is given in the VTA-NAc pathway ( Eisch et al., 2003; however, see also De Vry et al., 2016).
Together, the data strongly support the contention that BDNF signaling in the brain promotes
and prevents depressive-like, social avoidance phenotypes in a region-dependent manner but also
that systemic treatments that enhance BDNF signaling reduce stress-induced behavioral
responses.
In the brain, we chose to focus on the BLA in addition to the NAc because we have
previously demonstrated that synaptic plasticity in the BLA is necessary for the behavioral
response to brief social defeat in hamsters (Day et al., 2011; Jasnow et al., 2005; Markham and
Huhman, 2008). We have also demonstrated that the NAc is part of the neural circuit controlling
the acquisition and expression of conditioned defeat in hamsters (Gray et al., 2015; Luckett et al.,
2012). Here, we found that manipulation of BDNF signaling in the BLA, but not in the NAc,
altered behavioral responses to defeat in hamsters and mice. Notably, the behavioral changes
following BLA manipulations (BDNF microinjections in hamsters or TrkB inactivation in
TrkBF616A KI mice) were consistent with the effects of the systemic treatments, suggesting that
these peripheral treatments may be acting, at least in part, in the BLA. The existing literature also
suggests that the hippocampus is a likely target for antidepressant (e.g., social avoidancereducing) effects of BDNF-active treatments (Duclot and Kabbaj, 2013; Jiang et al., 2017; Ma et
al., 2016), but this possibility remains to be tested in our models. There are several reasons why
we may have not observed an effect of our treatments in the NAc in either hamsters or mice. The
most obvious is that the literature demonstrating avoidance-promoting effects of BDNF in the
VTA-NAc pathway have been established following a much more severe and prolonged defeat
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stressor (chronic social defeat stress, see (Berton et al., 2006; Golden et al., 2011; Jiang et al.,
2015; Krishnan et al., 2007; Kudryavtseva et al., 2010; Wook Koo et al., 2016) than was used in
our study. It is possible that BDNF in the amygdala is a critical modulator of the behavioral
response to brief, relatively mild, or episodic stressors or in the early phases of responding to a
social stressor, while BDNF in the NAc plays a critical role in promoting avoidant phenotypes
resulting from more robust or chronic stressors. This shift would be consistent with the finding in
rats that episodic social stress increases the number of BDNF-immunoreactive cells while
prolonged social stress decreases BDNF immunoreactivity in the VTA (Miczek et al., 2011).
Other important factors could contribute to differences among studies in the area of social
defeat, and more care should be taken in the field to standardize these procedures and to consider
both their ethological relevance and their potential influence on the resulting data. Many of the
studies discussed herein have divided defeated subjects into two groups based on their behavioral
responses, one that displays defeat-induced social avoidance (often called “susceptible” or
“vulnerable”) and another that does not (called “resilient”, “resistant”, or “unsusceptible”).
Studies of BDNF effects following chronic social defeat stress have often used only the
susceptible animals as subjects. The division of subjects into susceptible and resistant sub-groups
is clearly a powerful way to examine the mechanisms that underlie individual differences in
stress responding but could also affect the conclusions that are reached following
pharmacological manipulations. By contrast, we did not divide subjects into responders versus
non-responders; all defeated animals were included in testing and analyses, potentially enhancing
the translational value of the present findings. Another important factor that is often ignored is
the effect of lighting and circadian variability. In studies that give information about when
testing was done and under what lighting conditions, the vast majority tested animals in bright
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light during the inactive (light) phase of the daily cycle. By contrast, all of our defeat training
and testing is done under dim red illumination during the first three hours of the dark phase of
the daily cycle, the time when the animals are most active and when they normally emit almost
all of their agonistic behavior (Landau, 1975; Lerwill and Makings, 1971). It is well documented
that stress responding can vary dramatically across the daily light-dark cycle (for a review, see
Koch et al., 2017), so differences among labs in when defeat and testing occur could account for
at least some of the discrepancies. We argue that ethologically-relevant behavioral procedures
should be done during the circadian window when subjects would normally be active and
producing the relevant behaviors.
It must be recognized that our current findings appear inconsistent with our previous
report that social stress enhances BDNF mRNA and that the k252a blocks the formation of
conditioned defeat in hamsters (Taylor et al., 2011). It should be noted, however, that BDNF
mRNA was significantly elevated above control levels in the BLA of both dominant as well as
subordinate hamsters, indicating that increases in BDNF mRNA are not unique to defeated
animals. BDNF mRNA was unchanged in the NAc, again suggesting that BDNF in the NAc may
not regulate behavioral responses to acute social defeat. It is also the case that an increase in
mRNA may not translate to more protein or signaling (Fanous et al., 2010). Furthermore, k252a,
which is often erroneously declared a TrkB receptor antagonist, is actually a non-selective
protein kinase inhibitor that blocks the action of an array of trophic factor signaling at their
respective receptors (Lazarovici et al., 1996). Thus, the current approach using newer, selective,
small molecule TrkB-active drugs is a more conclusive test of the putative role of BDNF-TrkB
signaling in the establishment of defeat-induced social avoidance.
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The current data also run counter to the findings of (Dulka et al. (2016), who
demonstrated in mice that BLA microinjections of a2-antiplasmin, a drug that blocks enzymatic
conversion of the large precursor protein, proBDNF, to the mature form of BDNF (mBDNF),
significantly reduced subsequent social avoidance after a brief defeat. They concluded that
proteolytic cleavage of proBDNF into mBDNF is necessary for conditioned defeat learning to
occur. The authors acknowledge, however, that it is possible that a buildup of proBDNF, which
acts via the p75NTR receptor to exert opposite effects of mBDNF, and not a reduction in mBDNF,
accounts for the treatment-induced decrease in social avoidance. Future studies should determine
what actions are mediated by BDNF and what might be the role of proBDNF-p75 in these
effects.
Another possibility that needs to be explored is whether the balance of activity among the
components of the neural circuit that controls behavioral responses to social defeat is altered
when a stressor shifts from acute to chronic in duration. Similarly, it will be important to
determine whether BDNF signaling prevents behavioral stress responses initially or following
mild stress, but then begins to promote these responses when the stressor becomes chronic or
more severe.
In sum, we have demonstrated using two different rodent models of social stress and two
different measures of defeat-induced behavior that stimulating BDNF-TrkB signaling reduces
and that inhibiting TrkB signaling enhances behavioral responses to a brief social stressor. This
effect was observed with systemic drug treatments as well as with brain region-specific
manipulations. We also demonstrated that the behavioral effect observed after systemic
manipulation of BDNF-TrkB signaling is likely mediated at least in part in the BLA and not the
NAc. Finally, the fact that BDNF-TrkB manipulations altered behavior similarly in a species that
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is considered aggressive and relatively non-social and another species that is considered social
suggests that this effect may have translational relevance.
4.5
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5

IMPACT OF BRAIN-DERIVED NEUROTROPHIC FACTOR AND STRESSOR
DURATION ON NEURAL ACTIVATION FOLLOWING SOCIAL DEFEAT

5.1

Introduction
Social stress is the most common stressor experienced by humans (Björkqvist, 2001), and

exposure to social stress can precipitate or exacerbate neuropsychiatric disorders such as
depression (Björkqvist, 2001; Kessler et al., 2003; Palazidou, 2012). Social defeat stress in
rodents is an ethologically relevant model for exploring the effects of social stress; exposure to
this stressor in non-human animals causes many of the same symptoms, such as anhedonia,
social avoidance, and changes in activity, sleep, and ingestive behavior, that are observed in
humans with depression depression (Dulka et al., 2016; Foster et al., 2006; Golden et al., 2011;
Huhman et al., 2003; Huhman, 2006; Solomon et al., 2007a). The most commonly used model of
social defeat is a repeated social defeat protocol in mice (Golden et al., 2011). These repeated
defeat studies include only males because most strains of female mice are not generally defeated
by conspecifics. Our lab, however, has shown that we can stimulate many of the same behavioral
changes in Syrian hamsters following even a single exposure to social defeat stress (Huhman et
al., 2003; McCann et al., 2014; McCann and Huhman, 2012). Syrian hamsters are also an ideal
model for social stress because both males and females will readily defeat intruders into their
territory (i.e., home cage) under laboratory conditions (Rosenhauer et al., 2017; Solomon et al.,
2007b). In addition, brief agonistic encounters between hamsters rarely result in physical injury,
enabling a focus on the psychological effects of stress in the absence of physical stress due to
tissue damage and the resulting inflammation (Huhman et al., 1992).
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Our lab has delineated a putative neural circuit that is involved in the behavioral response to
acute social defeat stress in Syrian hamsters, including demonstrating that the medial prefrontal
cortex (mPFC), the basolateral amygdala (BLA), and the nucleus accumbens (NAC) are critical
components underlying the acquisition and expression of conditioned defeat (Gray et al., 2015;
Jasnow et al., 2005; Jasnow and Huhman, 2001; Markham et al., 2012, 2010). Whether
activation in the neural network mediating this response is similar following repeated social
defeats in hamsters, however, is unknown. Because repeated exposure to the same stressor can
result in habituation or even sensitization of the stress response, we hypothesized that neural
activation in brain areas responsive to social defeat stress would be greater following an acute
social defeat than after repeated defeats or that the particular nodes within the circuit that
respond most to the stressor would be different following acute versus repeated defeat.
Additionally, our lab has demonstrated that following an acute social defeat, stimulating
BDNF signaling decreases behavioral responses to social defeat, thus providing an
antidepressant-like effect (Rosenhauer et al., 2019). We also showed that this effect is at least
partially mediated through BDNF activity within the BLA but not in the NAC. This finding is in
line with a large body of research that identifies BDNF as providing resilience to stress and
depression, or depression-like symptoms, in humans and other animals. Other substantial
research, however, has demonstrated that BDNF signaling increases responses to repeated social
defeat stress in mice, providing evidence for a pro-depressant-like effect of BDNF, and that the
NAC is a critical region for this action (Berton et al., 2006; Eisch et al., 2003; Krishnan et al.,
2007; Wook Koo et al., 2016). We determined that this fundamental difference in the response to
BDNF activation following acute social defeat was not a species difference because we observed
it both in hamsters and in mice (Rosenhauer et al., 2019). Thus, we hypothesized that the number
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of defeats might be shifting the specific region of neural activation from the BLA, a region
important for responses to a single social defeat, to the NAC, a region that is perhaps more
important for responses to repeated social defeats. This shift might then also change the response
to drugs that affect BDNF signaling, leading to the prediction that neural activation would be
higher in the BLA following acute defeats and in the NAC following repeated defeats when
either were compared to no defeat controls. Finally, we also predicted that treatment with 7,8DHF, which acts as an agonist for BDNF’s TrkB receptor, would alter neural activation within
the BLA following acute defeats and within the NAC following repeated defeats.
5.2

Materials and Methods
5.2.1

Animals

Adult Syrian hamsters (Mesocricetus auratus) were bred in-house from stock obtained
from Charles River Laboratories. Litters were left undisturbed with their dam and littermates
until weaning at post-natal (PN) day 25 then group-housed with same-sex littermates. All
hamsters were housed in polycarbonate cages (23 x 43 x 20 cm) with wire lids, corncob bedding,
and cotton nesting material in a temperature-controlled colony room on a 14:10 light/dark cycle.
Hamsters were singly housed at approximately 8 weeks. For female hamsters, phase of the
estrous cycle was determined via vaginal swabs for 8 consecutive days following single-housing
to ensure stable estrous cycles in all adult females. Males were also handled each day during
estrous monitoring of females. Hamsters were divided by sex (males n=20; females n=20) and
assigned to one of 6 weight-matched groups based on defeat and drug conditions (acute no
defeat/acute defeat/repeated defeat) and drug treatment (vehicle/7,8-DHF). Resident aggressors
(RAs) used for social defeat were larger, older hamsters that were singly housed for at least one
month and that reliably responded with aggression toward same-sex intruders placed in their
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home cages. Male RAs were used to defeat all male subjects. Female RAs that were used to
defeat female subjects were ovariectomized to prevent variation in RA aggression across the
estrous cycle. Food and water were available ad libitum throughout the study. All procedures and
protocols were approved by the Georgia State University Institutional Animal Care and Use
Committee and are in accordance with the standards outlined in the National Institutes of Health
Guide for Care and Use of Laboratory Animals.
5.2.2

Social defeats

Social defeats were performed under dim red illumination within the first 3 h of the dark
phase to minimize the impact of circadian cycle. Animals were transported to the behavior suite
and given at least 30 min to habituate to the environment. Defeats occurred during a 15 min
exposure to the home cage of a same-sex RA, as described previously (Huhman et al., 2003).
All females were defeated on D1 (Rosenhauer et al., 2017) and a similar number of males
were run on each day of behavioral manipulation. For all animals, a clear cage top was placed on
top of the cage during training and testing to prevent escape. RAs quickly attacked intruders
within approximately 1 min of the subject’s placement in the aggressor’s cage. Hamsters who
were defeated repeatedly received two social defeats on day 1 (morning and afternoon) then one
defeat daily for the following 8 days to enable 10 social defeats total with the final defeat falling
on D1 to match the acute defeats. No-defeat controls were also transported to the behavior suite
and were exposed to an empty cage with bedding from a same-sex RA’s cage for 15 min to
control for handling and novel cage exposure without the actual defeat experience.
5.2.3

Pharmacological Agent

The selective, small molecule TrkB receptor agonist 7,8-Dihydroxyflavone (7,8-DHF;
TCI America, Montgomeryville, PA) was dissolved in 50% Dimethylsulfoxide (DMSO)/50%
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saline and administered to subjects intraperitoneally (IP) immediately following the final defeat
or no defeat protocol. Hamsters received 10 mg/kg of drug or vehicle (50% DMSO/50% saline)
as this dose has been shown to be effective in our previous work (Rosenhauer et al., 2019)
5.2.4

Immunohistochemistry

Hamsters were lightly anesthetized with isoflurane 60 mins after the final behavioral trial
(defeat or no defeat) as this has previously been shown to be a time where defeat-induced
changes in neural activation are evident (McCann et al., 2017) following the final social defeat or
control procedure and rapidly decapitated. Brains were quickly removed and stored in 5%
acrolein in KPBS for 24 hrs, followed by 48 hrs in 30% sucrose in PBS, then stored in PBS until
sectioning all at 4° C. Brains were sectioned at 35 µm on a cryostat with sections stored freefloating in cryoprotectant at -20° C until tissue was processed for immunohistochemistry.
Briefly, sections were rinsed in PBS, washed in 0.1% sodium borohydride for 10 mins, then
blocked in 10% normal donkey serum in 0.4% Triton X-100 in PBS for 1 hr. Sections were then
incubated in Abcam’s anti-cFos mouse monoclonal [2H2] antibody (ab208942) overnight.
Following PBS rinses, sections were then incubated in Jackson Immunoresearch’s 594
conjugated-donkey anti-mouse IgG antibody at a 1:250 ratio in full darkness at room temperature
for 2 hours. Sections were then rinsed and mounted onto Superfrost plus microscope slides in
PBS with 10% gelatin and coverslipped with Vectashield hard set mounting medium for
fluorescence with DAPI (Vector Laboratories). Imaging was done via a Keyence BZ-X700
fluorescent microscope. Region of interests were marked via visual inspection based on nearby
landmarks with either a 400 x 600 µm square (PL and IL), a 600 µm diameter circle (NAC), or a
150 µm diameter circle (BLA) and cFos cells were counted via Fiji-Image J by individuals who
were blind to condition.
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5.2.5

Statistical analysis

All statistical analyses were completed using SPSS for Mac OS X (PASW Statistics 24.0)
and Prism 9 for Mac OS X (Graphpad Software). Comparisons among 3 or more groups were
made via ANOVAs with post hoc tests performed when appropriate. When assumptions for the
use of parametric analyses were violated, non-parametric tests (e.g., Kruskal-Wallis) were
conducted with Dunn’s pairwise comparisons. Non-parametric tests were adjusted for ties in the
data and statistical corrections for multiple comparisons were applied when appropriate.
5.3

Results
Within the prelimbic (PL) area of the PFC, Kruskal-Wallis testing indicated no

significant differences in cFos activation among groups divided by sex, defeat condition, and
drug treatment (H(11)=13.402, p=0.268; Figure 5.1A). To increase the power and determine if
there were any differences among defeat conditions as this was our primary interest, we
collapsed over sex and drug treatment. Kruskal-Wallis testing then indicated significant
differences based solely on defeat condition (H(2)=8.124, p=0.017; Figure 5.2A). Pairwise
comparisons indicated that hamsters that experienced the acute defeat had significantly higher
cFos counts when compared to hamsters that were defeated repeatedly (p=0.027; mean rank:
acute defeat=28.54, repeated defeat=16.91). There was a trend toward acutely defeated hamsters
having more cFos activation than did hamsters that were not defeated (p=0.054; mean rank:
acute defeat=28.54, acute no defeat=17.25).
Within the infralimbic (IL) area of the PFC, Kruskal-Wallis testing indicated no
significant differences in cFos activation among groups divided by sex, defeat condition, and
drug treatment (H(11)=10.034, p=0.527; Figure 5.1B). When collapsed across sex and drug
treatment, Kruskal-Wallis testing indicated significant differences based solely on defeat
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condition (H(7)=6.441, p=0.040; Figure 5.2B). Pairwise comparisons indicated a significant
difference between acute defeat and repeated defeat with hamsters that experienced the acute
defeat showing significantly more cFos activation than did those experiencing repeated defeat
(p=0.038; mean rank: acute defeat=27.42, repeated defeat=6.28). There were no significant
differences found within the IL between hamsters experiencing acute defeat compared to those
that were not defeated (p=0.251; mean rank: acute defeat=27.42, acute no defeat=19.21).
In the NAC, there were no significant main effects of sex (F(1,26)=0.565, p=0.459;
ƞ2=0.021), defeat condition (F(2,26)=0.653, p=0.529; ƞ2=0.048), or drug treatment
(F(1,26)=0.688, p=0.414; ƞ2=0.026; Figure 5.1C). There were also no significant interaction
effects (sex by defeat condition: F(2,26)=0.058, p=0.944; ƞ2=0.004; sex by drug treatment:
F(1,26)=0.003, p=0.956; ƞ2<0.001; defeat condition by drug treatment: F(2,26)=0.067, p=0.935;
ƞ2=0.005; sex by defeat condition by drug treatment: F(2,26)=0.214, p=0.809; ƞ2=0.16; Figure
5.1C). When collapsed across sex and drug treatment, there were no significant main effects of
defeat condition (F(1,35)=0.853, p=0.435; ƞ2=0.046; Figure 5.2C) indicating no significant
differences in cFos activation based solely on defeat condition.
Within the BLA, Kruskal-Wallis testing indicated no significant differences in cFos
activation among overall group divided by sex, defeat condition, and drug treatment
(H(11)=13.473, p=0.264; Figure 5.1D). When collapsed across sex and drug treatment, KruskalWallis testing indicated no significant differences in cFos activation based solely on defeat
condition (H(2)=4.629, p=0.099; Figure 5.2D).
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Figure 5.1 Neural activation following social defeat and BDNF manipulation.
Number of cFos immunopositive cells following no defeat, acute defeat, or repeated
defeat with or without treatment with 7,8-DHF revealed no significant differences within the PL
(A) or IL (B) region of the mPFC, the NAC (C), or the BLA (D).
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Figure 5.2 Neural activation following acute and repeated social defeats.
Number of cFos immunopositive cells following no defeat, acute defeat, or repeated
defeat collapsed across sex and drug treatment, revealed a significant difference between acute
and repeated defeat within the PL (A; *p = 0.027) and IL (B; *p = 0.038) region of the mPFC,
with decreased neural activation following repeated social defeat when compared to acute social
defeat. There were no significant differences among groups within either the NAC (C) or the
BLA (D).
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5.4

Discussion
In this study, we found that hamsters who experienced repeated social defeats exhibited

less cFos activation within both the prelimbic and infralimbic regions of the PFC than did
hamsters who experienced a single defeat. This effect was found when subjects were collapsed
by sex and drug treatment and was in line with our hypothesis that hamsters who experienced the
repeated defeats would habituate to the stressor and show less neural activation. Surprisingly,
there were no significant differences among groups within either the BLA or the NAC, two brain
areas that are known to be critical in the acquisition and expression of defeat-induced social
avoidance. Our initial prediction that there would be greater neural activation following acute
social defeat compared with no defeat controls was not supported within any of the brain regions
measured (PFC, NAC or BLA). We also found no evidence that the TrkB receptor agonist 7,8DHF significantly reduced cFos activation, nor did we observe any significant sex differences in
this response. Our final hypothesis that drug treatment would alter defeat-induced cFos
activation following the acute defeat within the BLA but after repeated defeats within the NAC
was also not supported. This is surprising given that our behavioral results showed that increases
in BDNF within the BLA decreased behavioral responses to social defeat (Rosenhauer et al.,
2019). Likewise, although blocking BDNF-TrkB signaling within the NAC prevented behavioral
responses to repeated social defeat in mice (Wook Koo et al., 2016), we saw no effect of drug
treatment on cFos immunoreactivity in the NAC following either the acute or repeated social
defeat protocols with Syrian hamsters.
The lack of a pronounced defeat effect on cFos activation was surprising and makes our
results difficult to interpret; however, there are several practical reasons that could explain why
we observed relatively low activation, overall, and little difference among groups in this study.
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First and foremost, in an attempt to conserve animals and to make the overall
immunohistochemistry tractable given so many groups, the group n’s were lower than ideal.
Increasing the number of subjects in each group would increase our ability to observe any
potential differences among groups, particularly within the BLA and the NAC, if such
differences were truly there. Secondly, we allowed 60 mins between the final defeat (or no defeat
protocol) and sacrifice because previous work in our lab with Syrian hamsters has successfully
measured increased cFos immunoreactivity at this time point (McCann et al., 2017); however,
many other labs extend this time period to at least 90 mins (e.g., Numa et al., 2019). Thus, it is
possible that we collected the brains prior to the optimal time for measuring neural activation in
this specific case, leading to lower than expected activation overall. Additionally, because we
were collecting brains from numerous animals per day, we used acrolein for fixation rather than
the more traditional procedure wherein brains are perfused with paraformaldehyde for
immunohistochemical processing for time efficiency. While acrolein fixation for cFos
immunohistochemistry has been successful in other labs (Eid and Parent, 2017), it is possible
that this procedure was not ideal for Syrian hamsters. Lastly, our PFC cFos counts, when
compared to counts using DAB rather than fluorescence, were slightly lower than expected
(McCann et al., 2017), and thus, our quantification threshold could have been a bit too
conservative. Given the trends within the PFC for acute defeats to have higher neural activation
than did the no defeat controls, it is possible that our conservative counts obscured the defeat
effect in this region. Similarly, it could be that low, conservative counts within the BLA and
NAC led to a floor effect that made it difficult to detect actual differences among groups. There
is also precedent (Kollack-Walker et al., 1997) for handling to produce significant cFos
activation. As we did not include a home cage control, it is likely that the handling, novel cage

116

exposure and odors of an aggressive conspecific to which the no-defeat controls were subjected
produced some activation that obscured differences based on defeat experience.
It is also possible that measuring cFos as a proxy for neural activation was a poor choice
to examine potential effects of the drug treatment, particularly following repeated social defeats
because of the low neural activation. While cFos responds to acute administration of drugs of
abuse, it shows reduced induction following chronic administration (Nestler et al., 2001). It is
possible that a different marker of neural activity should be considered in the future. ∆FosB, a
relatively stable isoform of FosB that is part of the family of Fos genes (Curran and Morgan,
1995), is induced after each experience and accumulates following repeated or chronic
experiences. This has been shown with chronic administration of drugs of abuse and compulsive
wheel running (see Nestler et al., 2001), thus, ∆FosB could be a better indicator of neural
activation following repeated social defeat. For example, Perrotti et al., (2004) found that acute
restraint stress induced cFos activity within the frontal cortex and the NAc, but that induction of
cFos was desensitized after chronic restraint stress. By contrast, ∆FosB levels were high in the
frontal cortex, NAC, and BLA following chronic stress. As such, an experiment with brain
procurement at various time points across the full memory acquisition and consolidation period,
perhaps with multiple markers of neural activity, might better detect differences in these regions
in response to drug treatment and should be considered for future directions.
Interestingly, Kollack-Walker et al., (1997) reported differential cFos mRNA expression
based on social status following an agonistic pairing of 30 mins in Syrian hamsters depending on
the brain region examined. The BLA, however, only showed a difference based on handling with
no differences based on dominant or subordinate status. Additionally, there were no significant
effects in the frontal cortex. They did, however, report increases in neural activity within the
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central amygdala (CeA) and the anterior portion of the paraventricular nucleus of subordinate
animals. This study, however, in addition to using in situ hybridization, sacrificed the animals
immediately following the 30 min agonistic pairing whereas we collected brains 60 mins
following the final 15 min social defeat, which could account for differences in results. In an
additional study, the same lab demonstrated differential cFos mRNA expression based on
stressor repetition (Kollack-Walker et al., 1999), with different responses emerging for different
brain regions including no habituation, partial habituation, and full habituation. Although the
BLA was not included, the central amygdala demonstrated partial habituation and the cingulate
cortex displayed a pattern of full habituation in response to the repeated social stressor. Although
we selected our regions of interest based on our previous work identifying nodes involved in
behavioral responses to social defeat and to BDNF, it is possible that our limited selection of
brain regions failed to fully capture the effects of acute and repeated social defeat and that other
brain regions including the CeA and cingulate cortex should be considered.
Similarly, it is possible that network activation affected by 7,8-DHF could be happening
within other nodes of the circuit such as the bed nucleus of the stria terminalis, which is also
important for the expression of behavioral responses to social defeat (Jasnow et al., 2004b;
Markham et al., 2009). Additionally, other regions of the amygdala such as the medial or central
amygdala, which can impact responses to social defeat (Jasnow et al., 2004a; Markham and
Huhman, 2008) could be examined to identify brain regions within which 7, 8-DHF and BDNF
are acting. To illuminate the full neural network and pinpoint the region wherein BDNF
manipulation is affecting responses to acute and repeated social defeats, complete brain tissue
clearing and cFos immunohistochemistry with light sheet microscopy and principal component
analysis of circuit activation (see Ueda et al., 2020) would be ideal. Future studies should
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consider using this exciting protocol and advanced technology to more fully answer these
questions.
In conclusion, we found that repeated defeats elicited less neural activation than did a
single social defeat within both the prelimbic and infralimbic regions of the PFC in Syrian
hamsters when subjects were collapsed across sex and drug treatment. Unfortunately, our
inability to demonstrate an effect of acute defeat and the very low cFos activation overall made
our results difficult to interpret.
5.5
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6

CIRCADIAN PHASE ALTERS THE EFFECT OF TRKB AGONISM ON
RESPONSES TO SOCIAL DEFEAT IN HAMSTERS AND MICE

6.1

Introduction
Stress-related neuropsychiatric disorders affect millions of individuals (Kessler et al.,

2007, 2005, 1995; Kilpatrick et al., 2013) and are associated with devastating social, somatic,
and economic costs (Kessler et al., 2007, 2005; Menard et al., 2017; Tanielian et al., 2008).
Unfortunately, currently approved treatments for these disorders have limited efficacy for many
patients (Fournier et al., 2010; Huh et al., 2011; Kane, 2012; Trivedi, 2006), so there is an urgent
need for novel, more effective treatment options. Social stress is reported to be the most common
and salient stressor experienced by humans (Almeida, 2013; Björkqvist, 2001; Brown and Prudo,
1981; Lederbogen et al., 2011; Wood et al., 2012). Exposure to social stress can cause or
exacerbate mental illness (Björkqvist, 2001; Kessler, 2003; Nemeroff, 1998; Watt and Panksepp,
2009) and also stimulates depression- and anxiety-like behavior, including social avoidance, in
non-human animals (Huhman, 2006; Kudryavtseva et al., 1991; Kumpulainen, 2008). Social
avoidance is a key symptom of a wide variety of neuropsychiatric illnesses associated with stress
exposure (Lipsitz and Schneier, 2000; Tiihonen et al., 1997; Trew, 2011; Worswick et al., 2018),
including mood and anxiety disorders and post-traumatic stress disorder (Schneier et al., 2002).
Therefore, many basic studies investigating the mechanisms whereby stress causes or
exacerbates neuropsychiatric disorders have employed social stressors (Golden et al., 2011;
Hollis and Kabbaj, 2014; Huhman, 2006; Nestler and Hyman, 2010).
A common procedure used to investigate the neuropsychological effects of stress is the
rodent resident-intruder model of social defeat because a marked socially-avoidant phenotype is
produced in a wide variety of animal models following exposure to either acute or chronic social
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defeat stress (Carpenter and Summers, 2009; Dulka et al., 2016; Golden et al., 2011; Huhman et
al., 2003; Latsko et al., 2016; Maruska and Fernald, 2013; Meduri et al., 2013; Pryce and Fuchs,
2017; Trainor et al., 2011). In addition to changes in social avoidance, social defeat stress has
also been shown to cause other changes such as disrupted sleep-wake cycles and altered
ingestive behavior (Foster et al., 2006; Grafe et al., 2020; Meerlo et al., 1997; Nguyen et al.,
2007; Solomon et al., 2007), which are also similar to symptoms of many stress-related
neuropsychiatric disorders in humans. Many stress-related disorders in humans also manifest
with alterations in circadian timing, and treatments for these disorders, including depression and
PTSD, can include behavioral modifications to better regulate activity rhythms, which, in turn,
can improve symptoms (Forster, 2017; Koch et al., 2017; Spencer et al., 2018). Relatedly, it is
becoming increasingly apparent that there is an interaction between circadian rhythms and drug
effects. This has led to the concept of “chronopharmacology”, which recognizes that the timing
of a treatment can dramatically impact that treatment’s effectiveness (Dallman et al., 2014; Ohdo
et al., 2019). Overall, however, circadian variation in treatments designed to reduce social stressrelated neuropsychopathology has been largely unstudied.
Neurotrophin signaling, particularly that of brain-derived neurotrophic factor (BDNF) at
its cognate receptor, tropomyosin receptor kinase B (TrkB), has been identified as a promising
potential target for pharmacological treatments for neuropsychiatric disorders in which social
avoidance is a symptom (Martinowich et al., 2007). Multiple lines of evidence suggest that
impaired BDNF signaling is integral to the pathophysiology of mood disorders and that BDNF is
critical for the therapeutic mechanism of anti-depressants (Björkholm and Monteggia, 2016;
Castrén, 2014; Castrén et al., 2007; Duman et al., 1997; Duman and Monteggia, 2006;
Hashimoto, 2013; Nestler et al., 2002; Saarelainen et al., 2003). In contrast, however, an
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impressive body of work has demonstrated in mice that BDNF mediates social avoidance
responses following social defeat stress and that increased BDNF activity, particularly within the
nucleus accumbens (NAC), increases susceptibility to depressive-like behavior following social
stress (Berton et al., 2006; Eisch et al., 2003; Krishnan et al., 2007; Wook Koo et al., 2016). Our
lab has previously demonstrated that social stress in Syrian hamsters also stimulates marked
social avoidance (McCann and Huhman, 2012; Potegal et al., 1993) but, conversely, that BDNFTrkB signaling decreases responses to social defeat stress and promotes an apparent resiliency to
social defeat-induced behavioral changes. The difference in the results from the two models is
not merely a species difference because we have demonstrated this reduction in avoidance after
an acute stressor not only in hamsters but also in mice (Rosenhauer et al., 2019).
One potential explanation for these contradictory findings could be circadian variation in
behavior and/or in drug effects. Our lab conducts behavioral manipulations and testing during the
first three hours of the dark phase of the daily light-dark cycle because this is the time when
nocturnal rodents are normally active. In addition, restricting the time window of testing
minimizes circadian variation in behavior. Many other studies either fail to report lighting
conditions and the overall time window within which testing occurred, or they conduct
behavioral/pharmacological manipulations during the light phase of the daily cycle despite using
nocturnal rodent species. Importantly, there are data indicating that BDNF signaling shows
pronounced circadian variation (Cain et al., 2017; Martin-Fairey and Nunez, 2014; Yi et al.,
2015), thus treatments with pharmacological agents that act on BDNF signaling pathways could
be influenced by circadian phase. To investigate this possibility, we used both hamsters and mice
and systemically administered the TrkB agonist 7,8-Dihydroxyflavone (7,8-DHF) in either the
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dark or light phase of the daily cycle to determine if circadian phase and BDNF-TrkB activity
interact to alter behavioral responses to social defeat stress.
6.2

Materials and Methods
6.2.1

Animals

For Experiment 1, male Syrian hamsters (Mesocricetus auratus) were bred in-house from
stock obtained from Charles River Laboratories. Subjects were left undisturbed with their dams
until weaning at Post-Natal (PN) Day 25 whereon they were group-housed with 4-5, same-sex
littermates. All hamsters were housed in poly-carbonate cages (23 x 43 x 20 cm) with wire lids,
corncob bedding, and cotton nesting material in a temperature-controlled colony room on a 14:10
light/dark cycle. At approximately 8 weeks and 120 g, male hamsters were single housed for
approximately 7 days, during which time they were handled daily to habituate them to the
experimenters. Larger, male hamsters (Resident Aggressors (RA)) used for social defeat training
weighed 160-240 g and were singly housed for at least one month; these RAs reliably respond
with aggression toward intruders placed in their home cages. For Experiment 2, male C57BL/6J
mice (~10 weeks of age) were obtained from Charles River Laboratories (Wilmington, MA).
Subjects were group-housed in standard cages (19.5 x 13 x 38 cm) with corncob bedding and
cotton nesting material within a dedicated colony room on a 12:12 light/dark cycle. Mouse RAs
used for social defeat and social avoidance testing were retired male CD-1 breeders (1-1.5 yrs
old) that were individually housed and screened for reliable aggression. Food and water were
available ad libitum to all animals throughout the study. All procedures and protocols were
approved by the Georgia State University Institutional Animal Care and Use Committee and are
in accordance with the standards outlined in the National Institutes of Health Guide for Care and
Use of Laboratory Animals.
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6.2.2

Timeline and Groups

Timelines for experiments are shown in Figure 6.1. Hamsters (n=46) were assigned to
one of 6 weight-matched groups based on defeat condition (defeat/no defeat), drug
administration (7,8-DHF/vehicle), and circadian phase (dark/light). In order to reduce the overall
number of animals required and because our previous research has revealed no effects on
agonistic or anxiety-related behavior of 7,8-DHF in hamsters that have not been defeated
(Rosenhauer et al., 2019), no 7,8-DHF- no defeat groups (dark or light) were included. Mice
(n=54) were assigned to one of 8 weight-matched groups based on defeat condition (defeat/no
defeat), drug administration (7,8-DHF/vehicle), and circadian phase (dark/light). Mice were
group housed and handled daily for 7 days prior to social defeat training then singly housed
immediately following social defeat training and drug administration to prevent for any stressattenuating effects of group housing following social defeat. Only males were used in this study
because female mice do not generally get socially defeated.
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Figure 6.1 Timelines and testing arena.
Timelines for Experiment 1 (A) and Experiment 2 (B). Testing arena for avoidance
testing with caged aggressor (C).
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6.2.3

Social Defeat Training

All behavioral manipulations took place within the first 3 h of either the light or the dark
phase of the cycle to minimize any circadian variation in behavior within groups. Defeat training
and subsequent testing were performed under dim red illumination during the dark phase and
under white light during the light phase. Animals were transported to the behavior suite and
given at least 30 m to habituate to the environment. In Experiment 1 (Figure 1A), hamster defeat
training occurred during a 15 m exposure in the home cage of a same-sex RA, as described
previously (Huhman et al., 2003). In Experiment 2 (Figure 1B), social defeat training in mice
consisted of 3, 5 m exposures in the home cage of an unfamiliar RA as described previously
(Rosenhauer et al., 2019). During training and testing, a clear cage top was placed on top of the
cage to prevent escape. RAs quickly attacked intruders within approximately 1 m of the subject’s
placement in the aggressor’s cage. Subjects assigned to the no-defeat condition were also
transported to the behavior suite for behavioral training and were exposed to an empty cage with
bedding from an RA’s cage for 15 m (hamsters in Experiment 1) or 3x5 m (mice in Experiment
2) to control for handling and novel cage exposure without the actual defeat experience. Defeat
training was recorded with a CCD camera for later behavioral scoring by observers blinded to
condition.
6.2.4

Social Avoidance Testing

Defeated and non-defeated subjects were returned to the behavior suite as on the previous
day and tested 24 h after defeat training for social avoidance, as described previously
(Rosenhauer et al., 2017; McCann and Huhman, 2012) (see Figure 1). Briefly, hamsters in
Experiment 1 were placed in a novel cage with an unfamiliar RA confined in a small, mesh
holding box that allowed the subjects to see, hear, and smell the aggressor but prevented direct
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contact. Hamsters were scored for duration of social avoidance (time spent on the far half of the
cage away from the caged aggressor), social interaction (time spent with nose in contact with the
caged aggressor’s box within the social interaction zone), and social vigilance (gaze directed
toward the caged aggressor but without the nose contacting the box as in (Duque-Wilckens et al.,
2018). The subject was identified as within a location when both forepaws and shoulders were
within the zone. Additional behaviors were also quantified including frequencies of flank marks
(Song et al., 2014), flees, and risk assessments (Blanchard et al., 2003; McCann and Huhman,
2012; Rosenhauer et al., 2017). Testing of mice followed procedures that are described in detail
(Golden et al., 2011; Rosenhauer et al., 2019). Briefly, mice were placed in a novel cage with an
empty holding box and allowed to explore for 2.5 m. Subjects were then removed from the
testing arena and an unfamiliar mouse RA was placed within the holding box in the testing arena.
Subjects were then returned to the testing arena and allowed to move about the cage and interact
with the caged aggressor for another 2.5 m. As with the hamsters, the small holding boxes
confining the mouse RA allowed the subjects to see, hear, and smell the unfamiliar aggressor but
prevented any direct contact. Mouse behavior was scored for duration of time spent on the far
side of the cage away from the aggressor’s box (social avoidance) and time spent within the
interaction zone during both the empty box pre-test and with the caged aggressor within the box
(social interaction). In addition, and in order to better compare to other mouse social defeat
studies, a social interaction ratio was calculated (time spent within the interaction zone with the
caged aggressor divided by the time spent within the interaction zone with the empty box) to
account for individual differences in baseline exploratory and avoidance behavior. A social
interaction ratio of less than one is thought to reflect social avoidance. All animals were
monitored during testing to ensure that no differences were observed in any other behavior that
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could potentially impact the dependent measure including grooming and other stereotypies,
sleeping, or cage exploration.
6.2.5

Pharmacological Agent

The selective, small molecule TrkB receptor agonist 7,8-Dihydroxyflavone (7,8-DHF;
TCI America, Montgomeryville, PA) was dissolved in 50% Dimethylsulfoxide (DMSO)/50%
saline and administered to subjects intraperitoneally (IP) immediately following defeat training.
Hamsters in Experiment 1 received 10 mg/kg of drug or vehicle (50% DMSO/50% saline), and
mice in Experiment 2 received 5mg/kg 7,8-DHF or vehicle. Dosages were those that we have
previously used (Rosenhauer et al., 2019) and are consistent with dosages in the literature
(Andero et al., 2012, 2011).
6.2.6

Statistical Analysis

All statistical analyses were completed using SPSS for Mac OS X (PASW Statistics
24.0). Comparisons among 3 or more groups were made via ANOVAs with pairwise
comparisons made via Student's t-tests with corrections for multiple comparisons. Cohen's d and
η2 were calculated as measures of effect sizes for pairwise comparisons and ANOVAs,
respectively. When assumptions for the use of parametric analyses were violated, non-parametric
tests (e.g., Kruskal-Wallis, Mann-Whitney) were conducted.
6.3

Results
6.3.1

Experiment 1 (Hamsters).

6.3.1.1 Overall main effects
Effects of drug treatment and circadian phase were investigated for defeated hamsters and
a significant circadian phase by drug treatment interaction was found for social avoidance
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(F(1,40) = 10.342, p = 0.003, η2 = 0.205; Figure 6.2A) and for social vigilance (F(1,40) = 6.109,
p = 0.018, η2 = 0.132; Figure 6.2B), and a similar, but non-significant pattern was observed for
social interaction (F(1,40) = 3.994, p = 0.052, η2 = 0.091; Figure 6.2C). To identify specific
differences, simple main effects were calculated for drug treatment and for circadian phase in
defeated subjects. Data are shown as mean ± standard error of the mean unless otherwise stated.
Consistent with our previous studies, treatment with 7,8-DHF reduced responses to social defeat,
but only when hamsters were defeated and tested during the dark phase. This simple main effect
of drug was statistically significant for social avoidance (F(1,31) = 5.744, p = 0.023, η2 = 0.156;
7,8-DHF: 129.843 ± 20.661; vehicle: 204.115 ± 23.099; Figure 6.2A) and social vigilance
(F(1,31) = 8.336, p = 0.007, η2 = 0.212; 7,8-DHF: 32.147 ± 5.281; vehicle: 55.019 ± 5.904;
Figure 6.2B), but did not reach significance for social interaction (F(1,31) = 3.342, p = 0.077, η2
= 0.097; 7,8-DHF: 83.303 ± 14.224; vehicle: 44.296 ± 15.903; Figure 6.2C). Conversely, means
moved in the opposite direction for hamsters defeated and tested during the light phase with a
trend for drug-treated hamsters to respond to defeat and drug with greater social avoidance than
did hamsters that received vehicle (F(1,31) = 3.989, p = 0.055, η2 = 0.114; 7,8-DHF: 186.2 ±
23.09; vehicle: 122.794 ± 21.778).
6.3.1.2 Vehicle-treated hamsters
Vehicle-treated hamsters displayed more social avoidance and social vigilance following
social defeat when tested during the dark phase than they did when tested in the light phase. This
simple main effect of circadian phase was statistically significant for social avoidance (F(1,31) =
6.562, p = 0.016, η2 = 0.175; dark: 204.115 ± 23.099; light: 122.794 ± 21.778; Figure 6.2A) and
social vigilance (F(1,31) = 5.365, p = 0.027, η2 = 0.148; dark: 55.019 ± 5.904; light: 36.223 ±
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5.567; Figure 5.2B). Similar comparisons with social interaction were not statistically significant
(F(1,31) = 2.782, p = 0.105, η2 = 0.082; Figure 6.2C).
6.3.1.3 Additional behaviors overall
Kruskal-Wallis tests were run for additional behaviors exhibited by defeated hamsters to
identify differences based on drug treatment and circadian phase. There was a statistically
significant difference in groups’ mean rank distributions for flees (Χ2(3) = 7.829, p = 0.050;
Figure 6.2D), but not for risk assessments (Χ2(3) = 5.350, p = 0.148; Figure 6.2E) or flank marks
(Χ2(3) = 2.286, p = 0.515; Figure 6.2F). A priori Mann-Whitney pairwise comparisons, however,
revealed a significant difference in both risk assessments and flees based on circadian phase
(risk assessments: U = 15.00, p = 0.046; Figure 6.2D; flees: U = 14.50, p = 0.036; Figure 6.2E)
with vehicle-treated hamsters exhibiting significantly more risk assessments and flees following
social defeat during the dark phase than they did during the light phase (mean ranks: risk
assessments dark vehicle = 11.63, light vehicle = 6.67; flees: dark vehicle = 11.69, light vehicle
= 6.61). In addition, frequencies of flees were significantly different based on drug treatment, but
only during the light phase (U = 14.50, p = 0.036; Figure 5.3D) with 7,8-DHF treatment
increasing flees following social defeat during the light phase when compared to vehicle-treated
hamsters (mean ranks: light drug = 11.69, light vehicle = 6.61; Figure 6.3D).
6.3.1.4 Simple main effects
To investigate the possibility of main effects, simple main effects were calculated for
social avoidance, social vigilance, and social interaction. Pairwise comparisons with Bonferroni
correction revealed a significant difference in responses to social defeat during the dark phase
but not during the light phase. This simple main effect of defeat was significant for all three
duration measures (social avoidance: F(1,24) = 13.959, p = 0.001, η2 = 0.368; Figure 6.3A;
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social vigilance: F(1,24) = 10.481, p = 0.004, η2 = 0.304; Figure 6.3B; social interaction: F(1,24)
= 12.187, p = 0.002, η2 = 0.337; Figure 6.3C), with vehicle-treated hamsters exhibiting
significantly more social avoidance (defeat: 204.115 ± 21.669; no defeat: 80.451 ± 25.021) and
social vigilance (defeat: 55.019 ± 5.124; no defeat: 29.678 ± 5.917) and less social interaction
(defeat: 44.296 ± 14.138; no defeat: 119.689 ± 16.325) than non-defeated hamsters.
Vehicle-treated hamsters also exhibited behavioral differences based on circadian phase
following social defeat, but there were no phase-related differences in non-defeated subjects.
This simple main effect of phase was statistically significant with defeated hamsters for social
avoidance (F(1,24) = 7.457, p = 0.012, η2 = 0.237; Figure 6.3A) and social vigilance (F(1,24) =
7.123, p = 0.013, η2 = 0.229; Figure 6.3B). Socially defeated hamsters exhibited significantly
more social avoidance and social vigilance during the dark phase than during the light phase
(social avoidance: dark = 204.115 ± 21.669, light = 122.794 ± 20.429; social vigilance: dark =
55.019 ± 5.124, light = 36.223 ± 4.831). Social interaction revealed a similar pattern, but this did
not reach significance (F(1,24) = 3.520, p = 0.073, η2 = 0.128; Figure 6.3C).
6.3.1.5 Additional behaviors vehicle-treated hamsters
Kruskal-Wallis tests were run to determine if there were differences in frequencies of
additional behaviors scored among vehicle treated groups only to determine if circadian phase
impacted these behaviors. There was a significant difference in mean rank distributions of groups
for risk assessments (Χ2(3) = 12.917, p = 0.005). Pairwise comparisons using Dunn’s procedure
with a Bonferroni correction for multiple comparisons revealed that defeated hamsters displayed
significantly more risk assessments than did their non-defeated counterparts only during the dark
phase (p = 0.004; mean rank: defeat = 22.06, no defeat = 8.00; Figure 6.3D). Analysis of flees
revealed a similar pattern but did not reach significance (Χ2(3) = 6.449, p = 0.092; Figure 6.3E).
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No significant differences in frequencies of flank marks were detected (Χ2(3) = 4.361, p = 0.225;
Figure 6.3F).

Figure 6.2 Systemic TrkB activation interacts with circadian phase to alter behavior of
socially-defeated hamsters.
Defeated hamsters displayed a significant interaction effect of circadian phase and drug
treatment on social avoidance (A, p = 0.003) and social vigilance (B, p = 0.018), and a trend
toward the same with social interaction (C, p = 0.052). 7,8-DHF administration decreases
responses to social defeat only during the dark phase. Drug effects: Drug-treated hamsters tested
during the dark phase displayed significantly less social avoidance (A, *p = 0.023 compared to
dark phase, vehicle) and social vigilance (B, *p = 0.007 compared to dark phase, vehicle). There
was a trend for drug-treated hamsters tested during the light phase to display significantly more
social avoidance (A, #p = 0.055 compared to light phase, vehicle). Drug-treated hamsters tested
during the light phase also displayed significantly more flees following social defeat than did
their vehicle-treated, socially-defeated counterparts (D, #p = 0.036 compared to light phase,
vehicle). Circadian effects: Vehicle-treated hamsters exhibited decreased responses to social
defeat during the light phase with significantly less social avoidance (A, **p = 0.016 compared
to vehicle, dark phase) and social vigilance (B, **p = 0.027 compared to vehicle, dark phase).
Vehicle-treated hamsters tested during the dark phase also displayed significantly more flees (D,
##p = 0.036 compared to light phase, vehicle) and significantly more risk assessments (E, ##p =
0.046 compared to light phase, vehicle) following social defeat than did their light phase
defeated counterparts.
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Figure 6.3 Vehicle-treated hamsters display greater responses to social defeat during the
dark phase of the light/dark cycle.
Vehicle-treated hamsters displayed a significant interaction effect of social defeat and
circadian phase on social avoidance (A, p = 0.042). Social defeat significantly altered behavior
only during the dark phase. Hamsters defeated during the dark phase exhibited significantly more
social avoidance (A, *p = 0.001 compared to dark no defeat), significantly more social vigilance
(B, *p = 0.001 compared to dark no defeat), and significantly less social interaction (C, *p =
0.002) compared to dark no defeat) than did their non-defeated counterparts. Circadian phase
significantly impacted behavior only following social defeat. Hamsters exhibited decreased
responses to social defeat during the light phase. Hamsters defeated during the light phase
displayed significantly less social avoidance (A, **p = 0.012 compared to dark defeat) and
significantly less social vigilance (B, **p = 0.013 compared to dark defeat) than did their dark
phase counterparts. Social defeat significantly increased frequencies of risk assessments only
during the dark phase (D, *p = 0.004 compared to dark no defeat). Frequencies of flees displayed
a similar but non-significant pattern (E). Frequencies of flank marks did not significantly differ
between groups (F).
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6.3.2

Experiment 2 (Mice).

6.3.2.1 Overall main effects
Results for mice in Experiment 2 revealed a significant main effect of defeat, as expected,
on social avoidance and social interaction. Overall, defeated mice displayed significantly more
social avoidance (F(1,46) = 19.747, p < 0.001, η2 = 0.30; Figure 6.4A) and significantly less
social interaction (F(1,46) = 17.685, p < 0.001, η2 = 0.278; Figure 6.4B) than did non-defeated
mice. There was also a significant main effect of drug on both measures. Mice treated with 7,8DHF displayed significantly less social avoidance (F(1,46) = 5.012, p = 0.030, η2 = 0.098) and
significantly more social interaction (F (1, 46) = 5.460, p= 0.024, η2 = 0.106) overall than did
those treated with vehicle. Unlike hamsters in Experiment 1, however, mice showed no
significant effect of circadian phase on either social avoidance (F(1,46) = 0.021, p = 0.885, η2 =
0.001) or social interaction (F(1,46) = 0.256, p = 0.615, η2 = 0.006), and there were no
significant interaction effects on either measure (Social Avoidance: Phase x Drug: F(1,46) =
0.409, p = 0.526, η2 = 0.009; Phase x Defeat: F(1,46) = 0.109, p = 0.743, η2 = 0.002; Drug x
Defeat: F(1,46) = 1.507, p = 0.226, η2 = 0.032; Phase x Drug x Defeat: F(1,46) = 1.114, p =
0.297, η2 = 0.024; Social Interaction: Phase x Drug: F(1,46) = 0.296, p = 0.589, η2 = 0.006;
Phase x Defeat: F(1,46) = 0.301, p = 0.586, η2 = 0.006; Drug x Defeat: F(1,46) = 0.948, p =
0.335, η2 = 0.020; Phase x Drug x Defeat: F(1,46) = 0.699, p = 0.408 , η2 = 0.015).
6.3.2.2 Vehicle-treated mice
When comparing vehicle-treated animals only, to determine if there were significant
effects of social defeat, pairwise t-tests using Bonferroni adjustments for multiple comparisons
revealed that the effect of defeat in vehicle-treated animals was significant only during the dark
phase. Mice defeated during the dark phase exhibited significantly more social avoidance (t(11)
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= -5.591370, p < 0.005, Cohen’s d = 3.072; no defeat: 48.533 ± 9.697; defeat: 113.128 ± 6.765;
Figure 6.4A) and significantly less social interaction (t(6.581) = 5.136, p = 0.01, Cohen’s d =
2.932; no defeat = 71.110 ± 10.134; defeat = 15.064 ± 4.045; Figure 6.4B) than did vehicletreated mice that were not defeated. Although very similar in pattern, this defeat effect was not
significant during the light phase with no significant differences in social avoidance (p = 0.395)
or social interaction (p = 0.86) based on defeat status.
6.3.2.3 7,8-DHF-treated mice
Treatment with 7,8-DHF administration abolished defeat-induced social avoidance
during the dark phase with no significant differences in social avoidance (t(12) = -1.100, p >
0.999, Cohen’s d = 0.616; defeat = 77.589 ± 15.777; no defeat = 54.794 ± 11.171; Figure 6.4A)
or social interaction (t(10.874) = 1.527, p = 0.905, Cohen’s d = 0.738; no defeat = 70.965 ±
8.943; defeat = 45.824 ± 15.166; Figure 6.4B) based on defeat status following 7,8-DHF
administration. There were also no statistically significant differences in social avoidance or
social interaction with defeated mice based on drug-treatment in either the dark phase (social
avoidance: p = 0.355; social interaction: p = 0.430) or the light phase (social avoidance: p =
0.575; social interaction: p = 0.425). No other comparisons were significantly different.
6.3.2.4 Social interaction ratio
Kruskal-Wallis testing also revealed a significant difference in the social interaction ratio
(SI Ratio) among groups based on circadian phase, drug treatment, and defeat condition (H(7) =
18.728, p = 0.009; Figure 6.4C). Mann-Whitney tests with Bonferroni significance adjusted for
multiple comparisons were performed to identify specific differences. Consistent with results for
social avoidance and social interaction, there was a significant defeat-induced reduction in SI
ratio found only in vehicle-treated mice tested during the dark phase (U = 0, p = 0.005, mean
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rank: defeat = 4, no defeat = 10.5). Treatment with 7,8-DHF counteracted the effect of defeat on
SI ratio with no significant differences in social interaction ratio with defeated and non-defeated
mice treated with drug during the dark phase (U = 20, p > 1.000; mean rank: defeat = 7.00, no
defeat = 8.17). No other comparisons were significantly different.

Figure 6.4 TrkB activation and circadian phase impact responses to social defeat in
mice.
Overall, social defeat significantly increased social avoidance (A *p < 0.001) and
decreased social interaction (B *p < 0.001). Treatment with 7,8-DHF reduced the effects of
social defeat with drug-treated mice exhibiting significantly less social avoidance (A *p = 0.030)
and more social interaction (B *p = 0.024) overall when compared to vehicle-treated mice.
Pairwise comparisons found that vehicle-treated mice defeated during the dark phase exhibited
significantly more social avoidance (A #p < 0.005), less social interaction (B #p = 0.010), and a
lower social interaction ratio (C #p = 0.005) when compared to their non-defeated counterparts.
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6.4

Discussion
Our results demonstrate the exciting finding that BDNF can have markedly different

effects on stress-related behaviors depending on the circadian phase during which the stress and
BDNF manipulations occur as well the species in which testing is done. This finding has
important potential translational relevance because many neuropsychiatric disorders are
precipitated by stress and because BDNF has emerged as a possible novel target for the treatment
of these disorders. To our knowledge, however, none of the translational data have examined
whether the effects of manipulating BDNF signaling might vary over the light-dark cycle, and
little attention is paid to the possibility that there are important species differences in BDNF
effects. In hamsters, systemic TrkB agonism produced strikingly different behavioral results
following social defeat depending on when during the daily light-dark cycle the animals were
treated and tested. Consistent with our previous findings (Rosenhauer et al., 2019), systemic
treatment with 7,8-DHF reduced the behavioral response to social defeat in hamsters during the
dark phase, but we have now demonstrated that the behavioral response to social defeat is
enhanced when hamsters are defeated, treated, and tested during the light phase of the daily
cycle.
Given the fact that previous data demonstrating that BDNF promotes behavioral
responses to social defeat were generated in mice tested during the light (inactive) phase of the
daily cycle, we also ran an identical experiment in mice. The circadian phase by drug interaction
observed in hamsters was not observed in mice, however. Instead, TrkB activation consistently
reduced the behavioral effects of social defeat in mice during both the dark and light cycle,
although this effect was only statistically significant when treatment/testing occurred in the dark.

139

Unlike the previous mouse data described earlier, we observed no evidence in our brief defeat
model that increasing signaling at TrkB receptors enhances the behavioral response to defeat.
Several possible explanations exist for this lack of agreement regarding circadian effects
between the two animal models. First, the extent of circadian variation in behavior is likely to
vary among species, with some showing marked circadian variation in behavior and physiology
while others exhibiting less dramatic rhythms. For example, many strains of mice, including
C57BL/6J, exhibit frequent bursts of activity during the light (“inactive”) phase, whereas Syrian
hamsters show much more distinct circadian activity rhythms with little locomotor activity or
social behavior produced during the light phase. In addition, hamsters and humans show more
distinct, and similar, rhythms in neuroendocrine activity (Albers et al., 1985; Todd et al., 2018).
This makes hamsters a particularly informative species for studies with translational relevance to
humans (Todd et al., 2018). In order to produce the most rigorous and translatable results,
mechanisms with the potential to be impacted by circadian phase should be studied in species
with circadian variation that is similar to that observed in humans to accurately detect possible
chrono-pharmacological effects.
It is also important to note the largely overlooked fact that the inbred C57BL6/J mice
used here and in most of the previously cited social defeat studies has a natural melatonin
‘knockdown’ in that these mice are deficient in arylalkylamine N-acetyltransferase (ANAAT),
the acetyltransferase that modifies serotonin into N-acetylserotonin (NAS), which, in turn, is
converted into melatonin (Roseboom, 1998). It is possible, then, that these mice display less
robust circadian variation because of this deficiency and are less likely to exhibit different
responses to treatments administered during different phases of the light-dark cycle. Because
C57BL6/J mice are most commonly used in social defeat paradigms, and indeed for many
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behavioral studies, using these mice in the current study was important for consistency among
studies; however, it is possible, that the use of C57BL6/J mice has circumvented circadian
effects of TrkB activation via 7,8-DHF. This important translational issue should be investigated
using another mouse strain that is not ANAAT-deficient.
The investigation of circadian variation in the effects of psychiatric drugs has been
termed chronopsychopharmacology (for review see Dallmann et al., 2014; Ohdo et al., 2019). In
one example, Jang et al. (2010) found that N-acetylserotonin had antidepressant-like effects that
were dependent on TrkB activation, with the highest TrkB activation observed during the dark
phase. Indeed, other pharmaceutical interventions have been shown to have systematically
different efficacy based on the time of day of treatment (Dallmann et al., 2014; Shiromizu et al.,
2019). Interestingly, Jang et al. (2010) also found that clorgyline, a MAO inhibitor with
antidepressant qualities, activated TrkB receptors via increases in NAS in vitro in intact but not
in ANAAT-deficient, C57BL/6J cell lines. This TrkB activation only occurred when the cells
were treated during the dark phase, and the TrkB activation by clorgyline was abolished when
mice were exposed to light. There is then some precedent for circadian activation of TrkB
receptors through enzymatic catalyzation of serotonin acetylation that could produce
antidepressant effects that diminish or even disappear upon exposure to light. Thus, it is possible
that the observed circadian variation in 7,8-DHF effects in hamsters could be due to varying
baseline TrkB activation, which is higher during the dark phase. This additional receptor
activation combined with the effect of 7,8-DHF could then reduce responses to social defeat
during the dark phase. During the light phase, however, baseline TrkB sensitivity could be lower
and 7,8-DHF’s reduced activation of TrkB receptors would then be insufficient to exert an
antidepressant-like effect on behavior. Investigating this with a non-ANAAT deficient mouse
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strain or administering N-acetylserotonin alongside 7,8-DHF during the light phase would
provide additional information on the specific mechanisms driving the circadian effect seen here
in hamsters but not in C57Bl/6J mice.
Another possible explanation for the significant phase by treatment interaction that was
found only in hamsters is that circadian phase could impact BDNF and/or TrkB expression more
in hamsters than it does in C57BL/6J mice. Multiple studies have found that BDNF mRNA
oscillates in a circadian fashion with its highest expression in the hippocampus, cortex, or whole
brain identified during the dark phase (Genzer et al., 2016; Schaaf et al., 2000; Yi et al., 2015)
and that TrkB mRNA is rhythmically expressed (Bova et al., 1998; Coria-Lucero et al., 2016),
suggesting the possibility that varying concentrations of BDNF protein and TrkB receptors could
contribute to changes in responses to social defeat or exogenous drugs over the daily cycle. Of
these studies, however, only Genzer et al. (2016) used C57BL6/J mice, which are the most
commonly used species for social defeat studies. The remaining studies used rats or other mouse
strains, such as the ICR mouse strain. Thus, the gene mutation that knocks down NAS and
melatonin and impacts circadian rhythms in the inbred C57BL6/J mice (Roseboom, 1998) could
explain why the drug by phase interaction was not observed in mice in our study. It has not been
determined if Syrian hamster BDNF mRNA or TrkB expression patterns also vary in a circadian
fashion as they do in rats and mice with fully intact circadian systems, although we suggest that
this is likely.
Consistent with the above argument is the fact that vehicle-treated mice didn’t display
much circadian variation in responses to agonistic encounters. This is in contrast with many
rodent species wherein there is a pronounced variation in aggressive behavior over the light:dark
cycle (Albers, 1986; Landau, 1975; Todd et al., 2018). Circadian variations in responses to a
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variety of stressors have also been clearly demonstrated in multiple studies and species,
including hamsters, mice and humans (for review see Koch et al., 2017). It is entirely possible,
however, that circadian variation in the behavioral response to defeat is not as pronounced as that
commonly observed for aggressive behavior. Perhaps it is important for organisms to be able to
respond appropriately to an agonistic attack regardless of time of day, whereas initiation of
attack through aggressive behavior is more likely to be successful when it is specific to the active
period of the day. Of course, the lack of circadian variation in mouse behavior in this study
might simply be due to the gene mutation in serotonin N-acetyltransferase observed in C57Bl/6J
mice that results in deficient melatonin as noted above (Dubokovich 2005, Roseboom 1998)
The purpose of this project was to determine a possible explanation for the seemingly
contradictory results between our finding that BDNF reduces responses to social defeat
(Rosenhauer et al., 2019) and the previous work showing that BDNF increases behavioral
responses to social defeat (Berton et al., 2006). The possibility that circadian phase might at least
partially account for these differing findings was supported in hamsters but not in mice, as the
latter did not show circadian variation in BDNF effects following exposure to acute social defeat.
Another explanation for the discrepancy might be the differences in duration or intensity of the
defeat stressor. Our lab uses a mild, acute defeat stressor that is administered on a single day.
Both mice and hamsters consistently display 7,8-DHF-induced decreases in the behavioral
response to this type of social defeat (Rosenhauer et al., 2019). The studies that have shown
BDNF enhancement of responses to social stress in mice have used 10 days of stressful social
encounters. Responses to chronic social stress are often different than responses to acute stress
including different behavioral responses (Delville et al., 1998; Rosenhauer et al., 2017), different
neural activation (Kollack-Walker et al., 1999), and different sensitivity to drugs of abuse
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(Shimamoto, 2018) to name a few. Future research should determine if stressor chronicity rather
than, or in addition to, circadian variation accounts for the inconsistencies in the literature.
Finally, we have previously demonstrated that BDNF actions are site-specific, so it is
also possible that the brain region that responds to social stress differs depending on the duration
or intensity of the stressor. This possibility is supported by the fact that we have demonstrated
that BDNF is acting in the BLA and the mPFC but not the NAc, while Berton et al. (2006)
focused on the stress response-promoting role of BDNF signaling in the NAc. Further research
should test whether the critical nodes in the circuit that mediates social defeat-induced behavioral
change vary based on the duration or severity of the social stress.
Importantly, this project revealed evidence for an interaction between BDNF and
circadian phase on behavioral responses to social stress in hamsters. TrkB agonism via 7,8-DHF
administration reduced responses to social defeat during the dark phase but increased these
responses during the light phase in Syrian hamsters. Even in C57Bl/6J mice, which have
somewhat dysfunctional circadian physiology, the response to social defeat stress was more
pronounced in the dark than it was in the light. These results underscore the importance of
carefully controlling the circadian timing of pharmacological and behavioral experimentation,
even when responses are not expected to vary based on the ambient lighting. It also highlights
the importance of using multiple species in order to reliably evaluate studies of behavioral
pharmacology. Additionally, drug development and testing, including clinical trials, must
earnestly consider the impact of circadian phase as certain drugs may have varied, and even
opposite, effects depending on the time of administration. A greater understanding of the
mechanisms by which circadian phase interacts with BDNF activity to impact responses to social
stress in Syrian hamsters and further investigation into differences that could account for the lack
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of this interaction in C57BL/6J mice could lead to exciting improvements in the translation of
potential pharmacological treatments for stress-related neuropsychiatric disorders.
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7
7.1

FINAL CONCLUSIONS

Summary of current findings
Social stress, the most common stressor in humans, is known to precipitate or exacerbate

multiple neuropsychiatric disorders. Models that investigate behavioral responses to social stress
and that explore factors that impact these responses are important to our building a greater
understanding of how social stress increases susceptibility to these stress-related
neuropsychiatric disorders. Translational models of social stress can also provide information
about the mechanisms whereby social stress leads to depression- and anxiety-like symptoms,
such as social avoidance, and will hopefully help us to identify novel avenues to treat or even
prevent maladaptive responses to stress. The purpose of this project was to investigate multiple
factors that influence susceptibility or resilience to the behavioral responses that are commonly
observed following acute or repeated social defeat stress. These factors, which we studied in
Syrian hamsters and in some cases also in mice, included developmental timing, epigenetic
mechanisms, the neurotrophic factor BDNF, stressor repetition, and circadian phase.
Specifically, we sought to determine 1) whether an acute social defeat experienced during early
puberty impacts short- and long-term agonistic behavior and responses to social stress and 2)
whether epigenetic mechanisms underlie the long-term effects of a single, pubertal social defeat.
Additionally, turning our attention to possible avenues for novel treatment options for stressrelated neuropsychopathology, namely BDNF, we sought to determine 3a) whether BDNF
signaling increases or decreases responses to social defeat stress in hamsters and mice, 3b)
whether defeat-induced neural activation is different across nodes of the circuit mediating
conditioned defeat depending on stressor repetition (i.e., acute versus repeated defeat stress), and
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finally, 3c) whether circadian phase alters responses to social defeat and/or interacts with BDNF
to modulate responses to social defeat stress.
In Aim 1, we first demonstrated that an acute social defeat stress during early puberty in
Syrian hamsters results in social avoidance in adolescent hamsters similar to that observed in
adults. More striking, however, were the long-term effects. We found that a brief, pubertal social
defeat significantly increases vulnerability to a later experience of social defeat in adulthood
(Rosenhauer et al., 2017). This increased susceptibility occurs without any of the increases in
adult agonistic behavior that have been reported following a more severe, repeated social defeat
stressor that has been termed social subjugation (Wommack et al., 2003). These findings
demonstrate that opposite effects of early social stress can be elicited by acute defeat, which
reduces aggression and stimulates social avoidance, versus more severe, repeated defeat, which
increases aggression. The results also clearly demonstrate that acute, pubertal social stress can
increase vulnerability to the effects of later social stress experienced in adulthood.
Building on these data, Aim 2 explored whether epigenetic modifications mediate, at
least in part, the long-term effects of a brief, pubertal social defeat stressor. We hypothesized that
histone acetylation is a possible mechanism for the observed short- and long-term behavioral
changes, and we predicted that systemic administration of histone deacetylase (HDAC) inhibitors
following a brief pubertal social stressor would thus alter the immediate response to pubertal
social defeat and prevent the increased vulnerability to social defeat during adulthood. We found,
however, that neither valproic acid (VPA) nor sodium butyrate (NAB), both HDAC inhibitors,
affected either the short- or long-term responses to a single, pubertal social defeat stress.
Unfortunately, this negative result cannot be viewed as demonstrating that acetylation is not a
mediator of the long-term effects of social stress because we failed to replicate our previous
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finding that peripubertal social defeat leads to increased susceptibility to social defeat stress in
adulthood. We maintain that our original finding that an acute social defeat experienced during
early puberty increases susceptibility to adult social defeat stress is valid because it was
replicated in multiple cohorts and similar increased vulnerability to stress has been shown with
other forms of pubertal stress (Avital and Richter-Levin, 2005; Horovitz et al., 2014, 2012;
Tsoory et al., 2007). It appears, however, that the effect may not be strong enough or may be too
variable, particularly if additional manipulations requiring handling and injections are done.
Because of this failure and because of the prolonged time that is required when studying
developmental effects, we turned our attention to other factors that could influence susceptibility
or resilience to social defeat, particularly those that might present novel avenues for treatment,
and perhaps even prevention, of maladaptive, social stress-related behaviors.
Brain-derived neurotrophin factor (BDNF) and its cognate receptor TrkB is one such
possible avenue for treatment. Aberrant BDNF signaling has been implicated in numerous
neuropsychiatric disorders (Autry and Monteggia, 2012; Björkholm and Monteggia, 2016;
Duman and Monteggia, 2006), and BDNF appears to be necessary for a variety of drugs and
other interventions, like exercise, to exert their antidepressant effects (Castrén and Rantamäki,
2010; Freire et al., 2016; Hashimoto, 2013; Monteggia et al., 2007, 2004; Nibuya et al., 1995;
Russo-Neustadt et al., 1999; Saarelainen et al., 2003; Shirayama et al., 2002). Despite this
evidence, it has also been demonstrated to the contrary that BDNF promotes behavioral
responses to chronic defeat stress in mice. Thus, in Aim 3a we first sought to determine whether
BDNF signaling promotes or prevents behavioral responses to social defeat stress in hamsters
and mice. We found in both Syrian hamsters and in mice that increasing BDNF-TrkB signaling
reduced and decreasing BDNF-TrkB signaling enhanced behavioral responses to an acute social
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defeat (Rosenhauer et al., 2019). In this way, BDNF activity was found to reduce social stressinduced behavioral responses such as submission and social avoidance. This antidepressant-like
effect was demonstrated in hamsters and in mice both when treatments were given systemically
and when they were given directly into the basolateral amygdala (BLA). We observed no effect
of BDNF on stress responses when treatment was given into the nucleus accumbens (NAC). This
is in contrast to considerable evidence from mouse chronic defeat studies showing that BDNF
signaling within the NAC promotes responses to chronic social defeat stress (Berton et al., 2006;
Wook Koo et al., 2016).
These conflicting results present a conundrum whereby BDNF/TrkB signaling has been
found to have both anti- and pro-depressant-like effects on responses to social defeat stress.
Several possibilities exist to explain this inconsistency. One possibility is that stressor repetition
or severity alters the modulatory effect of BDNF signaling and/or that this modulatory effect
occurs in different brain regions depending on whether the stressor is acute versus repeated or
chronic. Additionally, most previous chronic defeat studies are performed in mice during the
light phase of the daily light-dark cycle, a time when nocturnal rodents such as mice and Syrian
hamsters are normally inactive. Our lab, on the other hand, performs behavior during the first
three hours of the dark phase as this is the time of day when nocturnal rodents are traditionally
most active. We also limit behavioral testing to a narrow time window, which minimizes the
effect of circadian variation on our results. Thus, it is possible that circadian phase and lighting
could impact responses to social defeat stress and/or alter the modulatory effect of BDNF
signaling to result in different effects.
In Aim 3b, we investigated the first possibility to determine whether TrkB receptor
signaling alters defeat-induced neural activation differently depending on whether the stressor is
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acute or repeated or whether this neural activation occurs in different nodes of the circuit when
the defeat stressor is acute versus repeated. Surprisingly, we did not observe a significant effect
of social defeat on neural activation as measured via c-Fos within any brain region investigated,
and we did not find any significant differences based on stressor repetition or TrkB stimulation.
This lack of defeat and drug effects makes these results difficult to interpret; however, several
practical alterations could improve upon these results in future studies. These are discussed in
more detail below.
To determine whether circadian phase could alter responses to social defeat stress or
interact with BDNF signaling to impact responses to defeat, in Aim 3c we investigated responses
to acute social defeat stress in hamsters and in mice during the dark and light phases of the daily
light-dark cycle with or without increased BDNF signaling. Interestingly, we found that
enhanced BDNF signaling interacted with phase to produce opposite effects on behavioral
responses to social defeat stress in hamsters. During the dark phase of the light-dark cycle,
systemic TrkB receptor activation decreased responses to social defeat stress; however, during
the light phase systemic TrkB receptor activation increased responses to social defeat stress. This
interaction effect was not observed in mice, where TrkB activation consistently decreased
responses to an acute social defeat stress in mice regardless of circadian phase. Even in mice,
however, this reduction was only statistically significant when treatment and testing occurred
during the dark phase. Together, these results have important translational implications for the
use of interventions targeting BDNF and suggest that its effects may be very different, even
opposite, depending on the severity or repetition of the stressor and the timing of when the
treatment is given.
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7.2

Limitations and future directions
Future work is necessary to further elucidate how each of the factors examined can

increase or decrease behavioral responses to social defeat stress. Additionally, there are some
limitations that should be taken into account when considering these results, particularly in
hamsters. Although hamsters are an ideal model for studying the effects of social defeat stress
because they enable researchers to focus more on the psychological rather than the physical
effects of social stress and to study these effects in both males and females, there are some
limitations to our model. We do not pre-screen our subjects nor do we separate extremes of
behavior by categorizing subjects into resilient vs. susceptible groups. We believe that including
the full range of behavior provides the most ethologically relevant results; however, it does
produce a great deal of individual variability that could potentially obscure some positive results
or result in a failure to replicate findings as in the long-term effect of peripubertal stress.
Additionally, although a strength of hamster defeat models is the ability to use both males and
females in ethologically relevant social defeat situations, when using a freely moving intruder
(i.e., a non-aggressive intruder (NAI)) for testing, females show less submission and defensive
behavior than do males, and conditioned defeat behavior extinguishes faster over time for
females than it does for males (Huhman et al., 2003; Solomon et al., 2007). This difference
suggests that hamster females are less responsive to social stress than are males. This is not the
case in humans, where females are generally thought to be more responsive to social stress and
more likely to present with an anxiety disorder or depression (Altemus, 2006; Jalnapurkar, 2018;
McLean et al., 2011; Salk et al., 2017). This limitation of the hamster model can be reduced or
even avoided by measuring social avoidance of a caged opponent instead of behavior emitted
toward a freely moving opponent (McCann et al., 2014; McCann and Huhman, 2012;
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Rosenhauer et al., 2017). When measuring social avoidance, female and male hamsters appear to
be similarly sensitive to social defeat stress. We maintain that it is important in future studies to
use multiple behavioral end points, such as social avoidance, aggression, and
submissive/defensive behaviors, to obtain the most accurate, informative, and replicable results.
In Aim 1, we observed how an acute social defeat stressor experienced during early
puberty increased vulnerability to an adult social defeat. Although in Aim 2 we investigated one
possible mechanism (i.e., histone acetylation) underlying the long-term effect of pubertal social
defeat and we failed to support its role, there are clearly many other avenues via which this
mechanism might function. For example, it is possible that using a global manipulation (systemic
administration of an HDAC inhibitor) was too nonspecific. Future studies could manipulate
epigenetic marks within specific brain regions or could examine a variety of epigenetic marks
other than histone acetylation. Future studies could also pursue epigenetic regulation of specific
genes as a possible mechanism for the long-term effects of social defeat stress experienced
during early puberty. For example, epigenetic modifications of BDNF have been seen following
various forms of early life stress including chronic psychosocial stress (Roth and Sweatt, 2011)
and maternal maltreatment (Roth et al., 2014). Epigenetic changes in the BDNF gene can
increase stress vulnerability following early life stress (Seo et al., 2016), and TrkB-based
interventions have shown some promise for preventing effects of pubertal stress (Barfield and
Gourley, 2017). Additionally, changes in BDNF gene expression have been found following
brief and mild stressors including our acute social defeat protocol (Taylor et al., 2011), and
epigenetic modifications of BDNF gene expression have been demonstrated following acute
immobilization stress (Fuchikami et al., 2009) and chronic mild stress (Shi et al., 2010).
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There are other future directions that could be pursued, as well, when assessing the
effects of social stress during adolescence. It is known that environmental enrichment and social
support can mitigate the impact of early life stress (Lehmann and Herkenham, 2011); thus, it
would be interesting to determine if such interventions could prevent the increased vulnerability
to adult social stress that we observed following the brief pubertal social defeat. There are some
potential limiting factors for these types of studies, however. In order to prevent the effects of
hierarchical experiences inherent in the group housing of hamsters, we single-housed juveniles in
these studies shortly after weaning resulting in a total of 10 days of single-housing prior to the
pubertal manipulation and 6 weeks total prior to the adult manipulation. Although 4 weeks of
group housing has not been observed to be a significant stressor for adult hamsters (Ross et al.,
2017), the effects of extended single-housing on hamsters from weaning through to early
adulthood has not been determined and is thus a limitation of these results.
Next, we turned our attention to BDNF as a potential avenue for the treatment or
prevention of stress-related neuropsychiatric disorders, and we determined whether manipulating
BDNF signaling would increase resiliency or susceptibility to social stress. In Aim 3a, we
observed that enhancing BDNF signaling reduces responses to acute social defeat stress in both
hamsters and mice. As these results run contrary to a large body of literature reporting that
BDNF signaling enhances responses to a chronic social defeat stress in mice (Berton et al., 2006;
Kudryavtseva et al., 2010), we investigated one potential explanation for these opposing data in
Aim 3b wherein we explored the effect of stressor repetition on defeat-induced neural activation
as assessed by the immediate-early gene c-Fos. Our goal was to determine whether the pattern of
neuronal activation across nodes of the circuit that controls behavioral responses to social defeat
stress differs between acute and repeated social stress. Unfortunately, our lack of a defeat effect
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on neural activation made our results difficult to interpret. There are several potential procedural
reasons why we did not replicate the usual defeat effect on c-Fos activation. It is always possible
that this is due to the relatively low group n’s that resulted from trying to examine too many
factors (defeat, stressor repetition, drug) at once. It is also possible that we collected brains too
soon after the stressor or drug administration, and this timing could have impacted these results.
Future studies should increase the group n’s and/or collect brains at later time points in order to
maximize the potential identification of differences in neural activation among groups. An
additional procedural issue was that we drop-fixed the brains using acrolein, which is done much
less often in this type of study. This decision was made because there are some data (Eid and
Parent, 2017; King et al., 1983) indicating that this type of fixation is acceptable and because it is
a much more time-efficient procedure for our complicated study design. Future studies should
use a more standard fixation method to reassess this question and perhaps examine at least some
of the factors separately so that group n’s could be increased.
Additionally, it is possible that c-Fos activation did not accurately capture neural
activation, particularly following repeated social defeat stress as c-Fos activation has been shown
to habituate to a repeated stressor (Kollack-Walker et al., 1997; Perrotti et al., 2004). Future
studies could consider using a different proxy for neural activation, such as ∆FosB, which has
been shown to more accurately identify responses to chronic or repeated stress experiences.
∆FosB is a relatively stable isoform of FosB that is part of the family of fos genes (Curran and
Morgan, 1995). ∆FosB expression is induced after each stressful experience and accumulates
following repeated or chronic experiences (see Nestler et al., 2001) and could thus provide a
better chance of identifying differences in neural activation between acute and repeated social
defeat experiences.
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When assessing how the neural circuit mediating conditioned defeat responds to acute
and repeated defeat, we chose to focus on the PFC, BLA, and NAC because these are critical
nodes within the putative neural circuit controlling responses to social defeat stress and
conditioned defeat (Gray et al., 2015; Jasnow et al., 2005; Jasnow and Huhman, 2001; Markham
et al., 2012, 2010) as well as responses to chronic social defeat stress in mice (Wook Koo et al.,
2016; Zhang et al., 2017). It is possible, however, that this limited selection of brain regions
failed to capture region-specific differences based on drug treatment or stressor repetition. As
such, future studies should consider additional brain regions that are also known to be involved
in responses to social defeat such as the bed nucleus of the stria terminalis (BNST) (Markham et
al., 2009) and other sub-regions of the amygdala (Jasnow et al., 2004; Markham and Huhman,
2008). Moreover, in order to fully capture the neural network and neural activation involved in
responses to social defeat stress with stressor repetition and TrkB signaling differences, a full
brain study with tissue clearing and immunohistochemistry utilizing light sheet microscopy and
principal component analysis of circuit activation would be ideal (see Ueda et al., 2020).
It is important to note that a majority of the mouse studies exploring the effects of chronic
social defeat stress, including those identifying the NAC as a critical node in modulating the
effect of BDNF signaling on enhanced responses to social defeat stress (Golden et al., 2011;
Jiang et al., 2017; Krishnan et al., 2007; Kudryavtseva et al., 2010; Wook Koo et al., 2016),
utilized a chronic, more continuous stressor. Following each daily 10 min social defeat by a
novel opponent, the defeated mice were housed in the cage with the aggressor but separated by a
mesh barrier. In our repeated social defeat model, the hamsters and mice were returned to their
home cage without any additional exposure to the aggressor between each social defeat. It is
highly likely that behavioral adaptations to chronic stressors are different than that for repeated
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stressors because continuous exposure to a stressor may not allow for the same return to baseline
that repeated stressors allow. For this reason, additional studies utilizing a protocol of continuous
exposure to stress in both hamsters and mice would be important to further clarify the question of
how chronic and acute responses to social defeat are impacted by BDNF/TrkB signaling.
Investigating another possible explanation for the opposing pro- versus anti-depressant
effects of BDNF, in Aim 3c we found that in hamsters, systemic TrkB agonism produced
strikingly different behavioral results following social defeat depending on when during the daily
light-dark cycle the animals were defeated, treated, and tested. This drug by phase interaction
was not observed in mice, however this species difference could be attributed to the specific
strain of mice used. Like many behavioral studies including virtually all of the previous mouse
chronic social stress studies, we used C57BL6/J mice. A little-discussed caveat with these mice,
however is that they are inbred and express a naturally occurring gene mutation that knocks
down N-acetylserotonin (NAS) and melatonin, thereby impacting circadian rhythms (Roseboom,
1998). These mice are deficient in arylalkylamine N-acetyltransferase (ANAAT), the
acetyltransferase that modifies serotonin into NAS, which in turn becomes melatonin. It is
possible that this deficiency leads to a less robust circadian variation in C57BL6/J mice and
prevents any possible circadian effects of TrkB activation. Future experiments should investigate
whether circadian phase or lighting interacts with BDNF/TrkB signaling following social defeat
using another mouse strain that is not ANAAT deficient to determine if the ANAAT deficiency
is responsible for the difference in results between hamsters and mice.
Some specific evidence exists for circadian rhythms or lighting to affect TrkB receptors
in mice without the ANAAT deficiency. For instance, Jang et al. (2010) found that the
antidepressant clorgyline activated TrkB receptors via increases in NAS in vitro in wild-type
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C3H/f+/+ mice but not in ANAAT-deficient, C57BL6/J cell lines. This TrkB activation only
occurred when treatment occurred during the dark phase, and the TrkB activation by clorgyline
was abolished when drug treated C3H/f+/+ mice were exposed to light. In future studies, it would
be interesting to treat C57BL6/J mice with NAS to rescue the melatonin “knockdown” to
determine if TrkB activation would then interact with circadian phase or lighting to impact
responses to social defeat stress as seen in hamsters. It is vital that this possible shortcoming of
C57BL6/J mice be considered when selecting a species to use for behavioral and
pharmacological studies. The fact is that most social defeat paradigms and many other behavioral
models use C57BL6/J mice or genetically modified mice on a C57Bl6/J background. As multiple
lines of research are now demonstrating the importance of considering circadian phase and time
of drug delivery for humans (Dallmann et al., 2014; Ohdo, 2010; Shiromizu et al., 2019), using
C57BL6/J mice could thus obscure results, particularly with behavioral pharmacology studies,
and might drastically limit the translational potential of the data.
This discussion also underscores the critical importance of utilizing multiple species
other than the traditional, often inbred, mouse models. Although mice are often chosen because
of the abundant genetic tools available, this does not mean that they will deliver the best,
translationally relevant data. For social stress, only male mice generally respond to ethologically
relevant social defeat experiences, and yet they are still the most often-used model of social
stress. In humans, however, females show significantly higher rates of stress-induced
neuropsychiatric disorders (Altemus, 2006; Jalnapurkar, 2018; McLean et al., 2011; Salk et al.,
2017). Thus, social stress research using only mice largely fails to garner information regarding
the largest population to which the research is meant to translate. Perhaps the predominant use of
a single model species is at least partially responsible for the translatability crisis that is plaguing
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science currently (Brubaker and Lauffenburger, 2020; Leenaars et al., 2019). Utilizing other
species, including Syrian hamsters, and expending resources to develop genetic tools for research
involving species other than mice may be critical for increasing translatabilty and suggesting
novel avenues for development of improved treatment and prevention options for humans.
7.3

Conclusion
The present study demonstrates the importance of considering multiple factors that could

impact behavioral responses to social defeat stress including developmental timing, prior stress
experience, neurotrophic factors, stressor repetition, and circadian phase. Additional studies are
necessary to further elucidate the mechanisms by which these factors contribute to behavioral
responses to social stress. Future research should expand this work by investigating the
mechanism whereby a brief, pubertal social defeat increases vulnerability to adult social stress,
perhaps exploring epigenetic regulation of specific genes of interest, including BDNF.
Additionally, more research is needed to continue to clarify how and when BDNF/TrkB
signaling promotes versus prevents anxiety- and depression-like changes. Finally, the striking
finding that BDNF/TrkB signaling interacts with circadian phase or lighting to alter responses to
social defeat stress in hamsters should be further investigated to discover not only the responsible
mechanism but also to clarify the species differences found. Continuing to consider multiple
factors that influence responses to social defeat stress and utilizing non-traditional animal models
is vital to understanding how social stress and its various influencing factors contribute to stressrelated neuropsychiatric disorders in humans.
7.4
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